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FOREWORD

This edition of The DTIC Review explores microtechnologies and microelectronics and
applications in design framework for the future. The selected documents and bibliography
are a representation of the information available on microtechnologies and microelectronics.
The editorial staff hope you find this effort of value and always appreciate your comments.

Kurt N. Molholm
Administrator



The DTICReview Defense Technical Information Center

INTRODUCTION

This compilation of reports on microtechnologies and microelectronics emphasizes new and
innovative systems designs to materials science and applied mechanics using micrometer
and nanometer dimensions. In addition to better efficiency and optimization, the research
and design methodology will be used to solve a variety of engineering problems.
Applications later find use in areas of communications, spectroscopy, remote sensing,
nonlinear optics, projection displays and micromachining and provide the design framework
for the future.

Research areas include principles of microstructural evolution in processing and in service
and the design methodology for control of multilevel dynamic hierarchical microstructures,
the mechanics of electro mechanical coupled materials and reports that explore
fundamental concepts and formulas for designing and utilizing all classes of lasers
specifically, miniature solid state lasers. The drive for increased device density in memory
technologies demands smaller and closer packed future devices.

Nanotechnology will bring new capabilities, giving us new ways to make things, heal our
bodies, and care for the environment. Advanced molecular manufacturing will be able to
make almost anything. The main reason to pay attention to nanotechnology now, before it
exists, is to get a head start on understanding it and what to do about it.

Further information has been included at the end of the volume to help direct the interested
reader to additional print and electronic references on microtechnologies and
microelectronics.
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Annual Report to the

Office of Naval Research

Due 3/30/97

A Technique for Achieving 4000 Microstrain

from Hard PZT

Summary

The year 1 effort was split between laboratory development and

research. A smart materials laboratory was developed for research on

the mechanics of electro-mechanical coupled materials. The laboratory

includes sample preparation, test facilities, and failure analysis tools

as described below. There are presently four graduate students working

on this research, one at the masters level and three at the Ph.D. level.

There have been two conference proceedings articles and one journal

article submitted. This will substantially increase in the coming year.

The PI has made four presentations of research results and will make

an invited presentation in July, 1997. The PI is presently working on

several related programs described below. Departmental support from

Georgia Tech is being used to perform work in excess of the original

scope of this project.

Laboratory Development

Laboratory development occupied a substantial part of the contract

period. Table 1 lists the smart materials laboratory equipment acquired

from various sources (including this contract, $70k, test frame).



Table 1. Smart Materials Laboratory Equipment

Description Cost

optical microscope w/DIC $30k

scanning electron microscope $30k

sample prep lab $40k

test frame and associated equip. $120k

Micro Moir6 $40k

The smart materials laboratory comprises equipment for sample

preparation, testing, and failure analysis. The sample preparation

equipment includes a diamond saw, grinding and polishing, an optical

microscope, a vapor hood, and cabinetry/counters. Test equipment

includes a load frame (purchased under this contract), a 20 kV power

supply, an in-situ video based microscope with transmitted and

reflected polarized light capability, fixtures for compression with

electric field and compact tension with electric field, strain gauge

amplifiers, and a computer based controller with multiple channel

control and phased function generators. The failure analysis equipment

includes a JOEL 840 scanning electron microscope, and an optical

microscope with DIC.

Student/Post Doctoral Support

Four graduate students are working in this research area. Some of the

student support is being provided by Georgia Tech as new faculty

support. Will Stoll will complete a masters thesis on the non-linear

and hysteretic behavior of commercial PZT in June 1997. Wei Chen has

completed a micromechanics based modeling effort for tetragonal and

rhombohedral structures. He is using the results in the development

of continuum mechanics based constitutive laws using an internal



state variable approach. This model shows promise for implementation

in commercial finite element codes, providing a design tool for both

actuator developers and active structures designers. Don Upton is

working on the masters portion of a Ph.D. program. He is measuring

the time and temperature dependent response of commercially

available actuator materials. Haihui Niu is working on the development

of a J-integral test technique that uses the load-displacement and the

voltage-charge curves from compact tension specimens to determine

the energy release rate. J. Fan will be joining the project soon as a

post doctor working on the implementation of the phenomenological

constitutive laws in FEM codes.

Publications/Presentations

Journal articles submitted:
C.S. Lynch, "Fracture of ferroelectric and relaxor electro-ceramics: influence of
electric field", submitted to Acta Materialia, 3/14/97

Book chapter written (partially related to this project)
Lynch, C.S., Strain Measurement Techniques, The Measurements,
Instrumentation, and Sensors Handbook, A CRC Press, Inc. Publication, J.G.
Webster ed., 1997

Proceedings articles submitted
Lynch, C.S. with W. Stoll, "Experimental Measurements of Electro-Mechanical
Behavior of Four Compositions of PZT, Proceedings of the 1996 EE
International Symposium on the Application of Ferroelectrics
Lynch, C.S. "J-Integral for Ferroelectric Compact Tension Specimens with
Electric Field", SPIE 1997 Symposium on Smart Structures and Materials San
Diego, Ca. Mar 1997

Presentations

3/19/96 Constitutive behavior of ferroelectric ceramics, Cambridge University,
Cambridge U.K. (Invitation by Norman Fleck)

3/21/96 Constitutive behavior of ferroelectric ceramics, Leicester University,
Leicester U.K. (Invitation by Alan Cocks)

7/18/96 Constitutive Behavior and Design Interrelations for PZT Actuators,
Northrop Aircraft, Hawthorn CA (Invitation by Dr. Jay Kudva)

8/22/96 Poster Presentation, 'Experimental Measurements of Electro-Mechanical
Behavior of Four Compositions of PZT", Proceedings of the 1996 E
International Symposium on the Application of Ferroelectrics

12/2/96 "Stress/Strain/Electric Field Measurements on Hard and Soft PZT",
Materials Research Society, Boston MA, Dec. 1996

7/97 Invited talk to be given at Banff, $500 honorarium, technology overview.



Two additional journal article manuscripts are near completion, one on

the constitutive behavior of commercial compositions of PZT and a

second on J-integral testing of electro-mechanically coupled ceramics.

Collaboration

The PI is involved in several related research projects outlined in Table

2.

Table 2. Related Research and Collaboration

Title Funding Agency Amount Period
Smart Wing ARPA/Northrop $30,000 1/96 to 5/97
A Technique for Achieving 4000 ONR Young $370,000 4/96 - 3/99
microstrain from hard PZT Investigator
Smart Wing Phase II* DARPA/Northrop $150,000 6/97-5/00
TRS/DARPA Actuator DARPA/TRS $105,000 6/97-5/99
*budget to be negotiated

In addition, the PI is negotiating a consulting arrangement with United

Technologies, Pratt and Whitney to help with piezoelectric actuator

characterization and qualification for aircraft applications.

University Support

Georgia Tech is continuing to provide support for graduate students

and a light teaching load for the Pl. The school of mechanical

engineering is providing no cost machinist and shop time as well as no

cost electrical engineer and electronics technician shop time.

Additional Information

Copies of articles are attached.
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Fracture of Ferroelectric and Relaxor Electro-Ceramics:

Influence of Electric Field*

Christopher S. Lynch

The G.W. Woodruff School of

Mechanical Engineering

The Georgia Institute of Technology

Atlanta, Georgia 30332-0405

ABSTRACT

Crack growth is studied in a ferroelectric and a relaxor composition of lead

lanthanum zirconate titanate (PLZT) ceramic using Vicker's indentations with

electric field. The polarized ferroelectric composition displays excess crack growth

perpendicular to the polarization direction. This excess crack growth is increased

by an electric field in the polarization direction. The relaxor composition does not

display this excess crack growth. Results suggest that the excess crack growth

perpendicular to the polarization is the result of intergranular residual stress.

"Work begun during a post doctoral appointment at the University of California Santa Barbara



I. INTRODUCTION

The Vicker's indentation test technique1 ,2,3 involves pressing a square diamond

pyramid into a sample with a known force. The resulting wedge force drives radial

cracks. Polarized ferroelectric ceramics display increased radial crack growth 4-8

perpendicular to the polarization. A DC electric-field in the direction of the

polarization enhances this effect 7,9. The opposite effect has been observed in relaxor

compositions. In quadratic electrostrictors, electric field hinders crack growth

perpendicular to the applied field 10.

Several microstructural variables interact with crack growth in ceramics.

Intergranular residual stress that arises from anisotropic strain of the crystal

structure can result in microcracking, usually along grain boundaries 11. Rice and

Freiman 12,1 3 demonstrated that the fracture energy of a number of ceramics with

anisotropic thermal expansion increases with grain size, reaches a peak, then falls

with an additional increase in grain size. Pohanka, Freiman, and Rice 14 include

these effects in their expression for the energy release rate of ferroelectric ceramics.

In ferroelectric ceramics, residual stress is associated with the phase

transformation (from cubic to tetragonal, orthorhombic or rhombohedral) that

occurs on cooling through the Curie temperature. In the absence of twinning (non-

1800 domain formation) the magnitude is independent of grain size and proportional

to the transformation strain and the elastic modulus. At large grain sizes this

residual stress is observed to induce spontaneous cracking15. At the Curie point,

barium titanate (BT) spontaneously microcracks at a grain size of 100 im and lead

titanate (PT) spontaneously microcracks and reduces to powder at a grain size of 1-

lopm.

Dopants are used to harden or soften lead zirconate titanate (PZT) 16. This

affects both the mechanical and electrical properties by hindering or enhancing

2



twinning. Hard PZT shows less hysteresis and a greater resistance to polarization

switching under stress or electric field loading1 7,18 than does soft PZT.

Electric field is postulated to interact with the fracture toughness of ferroelectric

ceramics altering the intergranular residual stress through removing twins and

piezoelectrically or electrostrictively distorting the grains. This results in

intergranular incompatible strains and stresses. Electric field also directly

interacts with cracks due to the difference in the dielectric permittivity of the

ceramic and the cracks' interiors 19-22 . This permittivity difference results in

electric field concentrations.

Relaxor compositions in the quadratic electrostrictive state have little or no

residual stress. Domains spontaneously nucleate and grow on the 100 nanometer

size scale. Application of electric field preferentially grows domains in the direction

of the applied field, but not sufficiently to induce a large component of residual

stress.

II. EXPERIMENTS

The purpose of the experiments is to determine the necessary conditions for

extended crack growth and find whether this extended crack growth can be

explained by residual stress and electric field interactions. The material selected for

these tests was PLZT, a relaxor ferroelectric2 3,24. Two compositions were selected,

8/65/35 and 9.4/65/35 (at%La/PZ/PT). At room temperature 8/65/35 is below the

lower transition temperature and is ferroelectric, while 9.4/65/35 is at its dielectric

maximum in the transition zone and is quadratic electrostrictive. The properties

are listed in Table 1. Both have a rhombohedral crystal structure and an average 5

gm grain size.

3



A Vicker's indentation system was modified to accommodate application of

electric field during the indentation process. Indentations were performed with and

without electric field and at several temperatures on unpoled and poled ferroelectric

samples and on quadratic electrostrictive samples. Tests were performed in

immersion oil.

Indentations on unpoled samples of both compositions at several mechanical

loads (with E=0) formed a reference data set. (Unpoled samples have no electro-

mechanical coupling and have isotropic properties.) The indented samples were

then subjected to electric field to determine the interaction between electric field,

radial cracks, and the residual stress field left by the indentation process. Next,

indentations were performed in the presence of a DC electric field to measure the

effect of the interaction between the electric field, the stress field, and the radial

cracks during crack growth. Finally, indentations were performed on a polarized

ferroelectric specimen (piezoelectric in this state) at various electric field levels

(applied in the direction of the polarization) ranging from zero to greater than the

coercive field to assess the interaction of polarization, electric field, and the radial

crack system.

III. RESULTS

Vicker's indentations in the unpoled ceramic resulted in symmetric radial crack

growth (Fig. la). When the ferroelectric composition was polarized prior to

indentation, increased crack growth perpendicular to the polarization direction was

observed (Fig. 1b). When indentations were performed in the ferroelectric

composition at twice the coercive field level, there was substantially more crack

growth perpendicular to the field direction, and distributed damage in the vicinity

of the indentation (Fig. 1c). In the unpoled state the indent diagonal and the radial

crack lengths were labeled 2a and 2c (Fig. 1d). In the poled state, or in the presence

4



of electric field, the radial cracks were labeled with the angle relative to the

polarization direction; 2c 00, and 2c 90' (Fig. le).

A. Radial crack growth in non-polarized specimens

In the unpoled state the 8/65/35 specimen is ferroelastic and both the 8/65/35

and the 9.4/65/35 specimens have isotropic elastic properties. Indentations were

performed using several indentation loads. Radial crack size increased with

indentation load (Fig 2). The 8/65/35 and 9.4/65/35 displayed similar amounts of

crack growth at low loads (short cracks) and the 8/65/35 displayed less crack growth

than the 9.4/65/35 at higher loads (longer cracks). The indentation size, 2a, was the

same for both compositions and increased with load.

B. Electric field applied to existing indentations

An 8/65/35 specimen was prepared with electrodes and lead wires. Indentations

were performed in the face mid way between the electrodes at two different

mechanical loads. The specimen was then subjected to a ramp in electric field. The

field was increased to a fixed level then decreased to zero and the radial crack

length measured. This electric field cycle was performed several times at increasing

field levels and the radial crack length remeasured after each cycle (Fig. 3). When

the electric field amplitude reached 0.3 MV/m, the radial cracks extended. This

field level is approximately 75% of the coercive field. The cracks perpendicular to

the field extended approximately 30%.

Similar tests were performed on the quadratic electrostrictive 9.4/65/35

composition (Fig. 4). The electric field induced a very small amount of crack

extension.

5



C. Indentations performed in the presence of electric field

Indentations were performed in the ferroelectric 8/65/35 composition (initially in

the unpoled state) with electric field present. A DC electric field was applied, the

indentation performed, the indenter removed, the field reduced to zero, and the

crack lengths measured (Fig. 5). Indentations were performed at various loads and

electric field levels. Electric field had little or no effect until it was near the coercive

field, at which point it induced additional crack growth. The maximum applied field

of 0.3 Mv/m was below the coercive field. The additional crack growth induced by

the electric field appears to be a function of the electric field and independent of

indent load rather than a fixed percentage of the zero field crack length associated

with that load.

Similar tests were performed on the quadratic electrostrictive 9.4/65/35

composition (Fig. 6). There was a slight decrease in crack growth in the presence of

electric field.

D. Indentations performed in a pre-polarized ferroelectric composition with

electric field present

Indentations were performed with a 4 kg load on the ferroelectric 8/65/35

specimens at several electric field levels. The specimens were first polarized by the

application of several electric field cycles at twice the coercive field. Anisotropic

crack growth was observed at zero electric field (Fig. 7). As the electric field was

increased, the indentations produced radial cracks that were shorter parallel to the

electric field direction and longer perpendicular to the field direction. This effect

seemed to saturate at 0.5 Mv/m, about 1.2 times the coercive field.

When indented under high electric field, the ferroelectric composition developed

a series of microcracks in the stress field of the indentation (Fig. 1.c). These were

not extensions of the radial or lateral crack systems.

6



E. Indentations performed at various temperatures

Indentations were performed in unpoled specimens at various temperatures.

The morphology of the cracks changed as the temperature was increased, with more

microcracking around the indentation zone and less well developed radial cracks.

In some of the indents, the radial cracks branched at odd angles relative to the

indent axes. Only the data from symmetric radial cracks were plotted (Fig. 8). The

indentation diagonals, 2a, were nearly independent of temperature. The crack

length of the 8/65/35 composition increased as the temperature was increased to

100-C. At 100-C, the 8/65/35 composition has quadratic electrostrictive behavior,

the same as the 9.4/65/35 composition at room temperature. The crack lengths in

the 9.4/65/35 composition increased with temperature. At 100°C this composition is

nearly cubic.

F. Other Tests

A series of tests were performed without the immersion oil. Radial crack lengths

were comparable to those performed through a drop of oil. The samples indented in

air were placed in a container of distilled water for 24 hours and then the radial

crack lengths were remeasured. No additional crack growth was observed.

IV. DISCUSSION

Several variables affect crack growth in ferroelectric ceramics. The data from

this study help to identify those that cause extended crack growth in polarized

ferroelectric ceramics. The experimental results indicate that, at the field levels

tested, extended crack growth is associated with approaching the coercive field in

the ferroelectric composition. An additional observation of Mehta and Virkar 4 is

7



important to the following discussion. In their study, lead zirconate titanate was

mechanically poled by application of compressive stress (ferroelastic switching).

Specimens poled in this way were not piezoelectric, yet displayed the extended

crack growth. This suggests piezoelectric coupling to the crack tip stress field is not

a critical mechanism for extended crack growth.

The test results are discussed in terms of the energy release rate. This is the

energy dissipated per unit advance of the crack per unit crack width. The energy

release rate G, is written as the sum of contributions from several dissipative

mechanisms that are active in the high stress, high electric field zone found at the

tip of the crack, equation (1).

G =2 Ys + ypc + yt + Yr + Ypt 1.

where 2 7s is the surface energy needed to create the two crack surfaces, 7. is

the energy absorbed by microcrack formation, 7t is the energy expended in

ferroelastic twinning the crystal structure, 7r is the energy the residual stress

contributes to driving the main crack (a negative term), and 7pt is the energy

genUtibu44by a dilational phase transformation. The crystal structure of the

compositions used in this study is rhombohedral. Little or no stress induced phase

transformation is expected, thus the last term is considered negligible.

Residual stress, microcracking, and twinning are coupled with electric field in

ferroelectric ceramics. Residual stress arises from the anisotropic deformation of

individual grains in the ceramic that is associated with the phase transformation as

the ceramic is cooled through the Curie point. This anisotropic deformation is

relieved by ferroelastic twining. In relaxors, a very fine domain structure forms as

the material is cooled, leaving nearly zero residual stress in the as cooled state.

Application of electric field in excess of the coercive field removes most or all of the

8



twins, resulting in single domain grains. In this state, the intergranular residual

stress is large. When the intergranular residual stress is high enough and

nucleation sites for grain boundary fracture are available, microcracking occurs

along the tensile portion of the grain boundaries.

Residual stress, microcracking, and twinning influence crack propagation.

Residual stress interacts with the fracture process in the following way: When a

crack propagates through the ceramic, the stored strain energy density associated

with residual stress is relieved on the crack face on the order of one grain diameter

in depth. The strain energy released is proportional to the grain size. At small

grain sizes there is little residual strain energy released as a crack propagates. At

intermediate grain sizes the residual stress helps to propagate the main crack, and

microcracks can form in the tensile crack tip field at grain boundaries that were

under residual tension. If the residual strain energy released by a grain is not

sufficient to source the surface energy required to form a microcrack, then the

microcrack absorbs energy and the energy release rate is increased. At larger grain

sizes, the residual strain energy released is sufficient to source the surface energy

for the microcrack. In this case the contribution to the energy release rate is

negative and the toughness is decreased. Microcrack formation is localized to a

crack tip process zone when intrinsic flaws are small enough that the crack tip

stress concentration is required to nucleate grain boundary flaws into microcracks.

At even larger grain sizes, there is sufficient residual strain energy available to

spontaneously microcrack the ceramic.

A relationship between residual stress and the contribution of microcracking to

the energy release rate is developed by considering a main crack surrounded by a

small scale microcrack cloud. Let BAa be the area increase of the main crack per

crack advance Aa, where B is the width of the crack, and let nBAa be the area

9



increase of microcracks per crack advance Aa where n is the ratio of microcrack area

formed to new crack surface formed.

The irreversible work done to advance the crack is equal to the work done to

form the new crack surface less the residual stress contribution to the propagation

of the main crack, plus the work done in creating microcrack surface in the crack tip

process zone less the work done by releasing residual strain energy at each

microcrack plus the work done in driving ferroelastic twinning. This energy balance

is written as Equation (2).

W= 2yBAa -2BAadcr2/2E + 2ynBAa- 2nBAada /2E + y,BAa 2.

where ys is the surface energy, B is the specimen thickness, n is the area increase

of microcracks created per unit area increase of the main crack, d is the average

grain diameter, o-R is the magnitude of the tensile component of residual stress, E is

the Young's modulus, and yt is the energy absorbed per unit crack advance per unit

width by ferroelastic twinning. Dividing by BAa gives an expression for the energy

release rate in the presence of residual stress and twinning, equation (3).

G = (I + nX2y5 -da'/E)+ y, 3.

In equation (3), n is a function of o-p, the size and distribution of grain boundary

flaws, and the grain size. This function must be known to calculate G. The

behavior of equation (3) describes observed material behavior. At small d, n tends

toward zero (no microcracking) and the surface energy term is much larger than the

intergranular stress term. As the grain size d, increases, n increases. This

corresponds to the formation of microcracks near the primary crack tip. This

increases G. As d further increases, the intergranular residual stress contribution
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to fracture becomes larger. This term is negative and thus G begins to decrease.

Further increase of grain size eventually leads to a negative energy release rate.

This corresponds to spontaneous microcracking. Equation (3) captures the observed

behavior of ceramics with anisotropic thermal expansion of the crystal structure. In

these materials the energy release rate increases with grain size then decreases and

goes to zero at a large grain size 12"15. At sufficiently large d, there is enough

residual strain energy available to spontaneous microcrack the ceramic. Laws could

be developed relating the height of a microcrack zone to the residual stress and

grain size, possibly taking the intrinsic flaw size proportional to d.

A sample calculation using equation (3) shows that the results are reasonable.

The surface energy is determined from the fracture toughness of the unpoled

material (Ki, = 0.75 MPa 4m) and the Irwin relation (G=(1-v 2)/E KIc2) as y, = 6.2

J/m 2. The residual stress in the presence of a high electric field is estimated from

the single crystal saturation strain (c' 3.5x10- ) and the Young's modulus (E=68

GPa). Taking n=0 (no microcrack cloud), yt=O (no twin toughening at high electric

field), and d=5xl0-6 m, equation (3) predicts the energy release rate will be reduced

from 12.4 to 8 J/m 2 by application of a strong electric field. Clearly a more rigorous

analysis is needed to calculate the contribution of intergranular residual stress to

the reduction in energy release rate. This order of magnitude calculation however,

strongly supports the postulate that intergranular residual stress induced by

remanent strain is the cause of the observed excess crack growth.

Intergranular residual stress is a function of electric field. When polarized, the

residual stress is largest in the direction of polarization. Some. of this residual

stress is relieved by ferroelastic twinning (aging). Application of electric field in the

direction of the polarizing field increases the intergranular residual stress and

removes twins. At the grain sizes tested, the increase of intergranular residual

stress with electric field reduces the energy release rate. The removal of twins also

11



removes the twin toughening component. An electric field in the opposite direction

reduces residual stress and increases the amount of twinning available for

toughening the ceramic.

When indentations were performed in the ferroelectric composition in the

presence of a strong electric field, cracking occurred in the tensile stress field of the

indenter but independent of the main crack (Fig 1.c). This is a spreading of the

microcracking away from the crack tip zone. At high electric field this material is

very near the threshold of spontaneous microcracking.

Other mechanisms interact with crack growth in electro-mechanically coupled

ceramics. There is some twin toughening associated with the cracks that run

parallel to the polarization. This slightly decreases crack growth in this direction in

poled specimens. There is also a negative contribution to the energy release rate19

caused by a jump in dielectric permittivity from the material to the crack interior.

This accounts for the slight decrease in crack growth perpendicular to an applied

electric field in the relaxor composition.

The reduction of toughness by intergranular residual stress also explains earlier

observations of electric field driven fatigue crack growth by Cao and Evans2 5 and by

Lynch et a126 . These cracks are observed to grow from Vicker's indentations

perpendicular to the polarization in ferroelectric compositions driven by cyclic

electric field above the coercive field. The cracks extend about 40 Am each half

cycle, depending on electric field level. This type of fatigue crack growth does not

occur in quadratic electrostrictors.

V. CONCLUDING REMARKS

The anisotropic crack growth observed when Vicker's indentations are performed

in poled ferroelectric ceramics was discussed in terms of an intergranular

12



contribution to the energy release rate. The effect of residual stress is much larger

than other mechanisms that interact with crack propagation. The results were not

presented in terms of calculated toughness since the Vicker's indentation technique

has not been calibrated for anisotropic materials. There is, however, a drop in

fracture toughness perpendicular to the polarization direction that needs to be

quantified for these materials. An equation was developed that describes the

residual stress contribution to toughness by balancing the work of fracture with the

energy absorbed in forming new surfaces less the residual strain energy released.

The results indicate that smaller grain size ferroelectric ceramics will have a higher

toughness perpendicular to the polarization, and that smaller grain size may reduce

or eliminate the spontaneous cracking that can occur during polarization switching.

It is also clear from the model that microcracking can be avoided by operating at

field levels below the saturation level, and that it may be possible to increase the

reliability of ferroelectric ceramic actuators by not fully polarizing the ceramic. If

some twins are left in the crystal structure, they will relieve some of the

intergranular residual stress.
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LIST OF FIGURES

Figure 1. a. Photograph of a symmetric indentation characteristic of an unpoled

ferroelectric (width of field 500pm). b. Photograph of an asymmetric indentation

characteristic of a ferroelectric composition poled in the vertical direction (width of

field 1 mm). c. Photograph of an indentation in the ferroelectric composition 8/65/35

indented under an electric field of 0.8 Mv/m (width of field 3 mm). Note the

peripheral microcracking that occurred in the stress field of the indentation. Back

lighting gives the cracks the dark appearance. d. Crack labeling for symmetric

indentations. e. Crack labeling for asymmetric indentations.

Figure 2. Crack length and indentation size vs. indent load for 9.4/65/35 and

unpoled 8/65/35PLZT. At higher loads the cracks are shorter in the ferroelectric

composition.

Figure 3. Two indentations are monitored as electric field is increased to just

below the coercive field, one produced with 1.5 kg load and one with 6 kg load.

When the electric field nears the coercive field, the cracks perpendicular to the

electric field grow and the cracks parallel to the polarization do not.

Figure 4. Three indents in 9.4/65/35 PLZT are monitored as electric field is

applied. The electric field induces a small amount of crack growth.

Figure 5. Indentations are performed in the presence of electric field in the

8/65/35 unpoled ferroelectric composition. Crack growth is not affected by electric

field until the coercive field is approached.
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Figure 6. Indentations are performed in the presence of electric field on the

9.4/65/35 quadratic electrostrictive composition. The presence of electric field may

slightly hinder crack growth, but the amount is not significant.

Figure 7. Indentations in the polarized 8/65/35 composition in the presence of

electric field. As the electric field is increased, the cracks perpendicular to the

polarization direction become longer. This effect saturates just above the coercive

field.

Figure 8. Crack length and indentation size produced by a 3 kg load are

measured at various temperatures. The indentation size is independent of

temperature. Crack growth increases with temperature. The 8/65/35 composition

goes from ferroelectric to quadratic electrostrictive behavior over this temperature

range. The 9.4/65/35 composition goes from quadratic electrostrictor to cubic

paraelectric behavior over this temperature range. As the availability of twinning

decreases, crack growth increases.
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TABLE 1. PROPERTIES OF PLZT

Composition 8/65/325 9.5/65/35

(%LaIZr/Ti)

d33 (X10-1 2 C/N) 682 0

pR (C/rn2) .30 0

Ec(MV/m) 3.6 0

Tc (0C) 110 25

251C Phase Ferro. Rh.

Cr3350 5500

tan 8(%) 2.5 5.5

resistivity (f)-cm) 1013 1013

k .648 0

S1 , (X10-12 M2/N) 12.4 12.4

Q1, (M4/C2) .018 .021

Q12 (M4/C2) -.008 -.009
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Figure 1. a. Photograph of a symmetric indentation characteristic of an unpoled

ferroelectric (width of field 500gm). b. Photograph of an asymmetric indentation

characteristic of a ferroelectric composition poled in the vertical direction (width of

field 1 mm). c. Photograph of an indentation in the ferroelectric composition 8/65/35

indented under an electric field of 0.8 Mv/m (width of field 3 mm). Note the

peripheral microcracking that occurred in the stress field of the indentation. Back

lighting gives the cracks the dark appearance.
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Figure 1. d. Crack labeling for symmetric indentations. e. Crack labeling for

asymmetric indentations.
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Figure 2. Crack length and indentation size vs. indent load for 9.4/65/35 and

unpoled 8/65/35PLZT. At higher loads the cracks are shorter in the ferroelectric

composition.
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Figure 3. Two indentations are monitored as electric field is increased to just

below the coercive field, one produced with 1.5 kg load and one with 6 kg load.

When the electric field nears the coercive field, the cracks perpendicular to the

electric field grow and the cracks parallel to the polarization do not.
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Figure 4. Three indents in 9.4/65/35 PLZT are monitored as electric field is

applied. The electric field induces a small amount of crack growth.
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Figure 5. Indentations are performed in the presence of electric field in the

8/65/35 unpoled ferroelectric composition. Crack growth is not affected by electric

field until the coercive field is approached.
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Figure 6. Indentations are performed in the presence of electric field on the

9.4/65/35 quadratic electrostrictive composition. The presence of electric field may

slightly hinder crack growth, but the amount is not significant.
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Figure 7. Indentations in the polarized 8/65/35 composition in the presence of

electric field. As the electric field is increased, the cracks perpendicular to the

polarization direction become longer. This effect saturates just above the coercive

field.
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Figure 8. Crack length and indentation size produced by a 3 kg load are

measured at various temperatures. The indentation size is independent of

temperature. Crack growth increases with temperature. The 8/65/35 composition

goes from ferroelectric to quadratic electrostrictive behavior over this temperature

range. The 9.4/65/35 composition goes from quadratic electrostrictor to cubic

paraelectric behavior over this temperature range. As the availability of twinning

decreases, crack growth increases.
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Figure 2. Crack length and indentation size vs. indent load for 9.4/65/35 and

unpoled 8/65/35PLZT. At higher loads the cracks are shorter in the ferroelectric

composition.
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Figure 3. Two indentations are monitored as electric field is increased to just

below the coercive field, one produced with 1.5 kg load and one with 6 kg load.

When the electric field nears the coercive field, the cracks perpendicular to the

electric field grow and the cracks parallel to the polarization do not.
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Figure 4. Three indents in 9.4165/35 PLZT are monitored as electric field is

applied. The electric field induces a small amount of crack growth.
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Figure 5. Indentations are performed in the presence of electric field in the

8/65135 unpoled ferroelectric composition. Crack growth is not affected by electric

field until the coercive field is approached.
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Figure 6. Indentations are performed in the presence of electric field on the

9.4/65/35 quadratic electrostrictive composition. The presence of electric field may

slightly hinder crack growth, but the amount is not significant.
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Figure 7. Indentations in the polarized 8/65135 composition in the presence of

electric field. As the electric field is increased, the cracks perpendicular to the

polarization direction become longer. This effect saturates just above the coercive

field.
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Figure 8. Crack length and indentation size produced by a 3 kg load are

measured at various temperatures. The indentation size is independent of

temperature. Crack growth increases with temperature. The 8/65/35 composition

goes from ferroelectric to quadratic electrostrictive behavior over this temperature

range. The 9.4/65/35 composition goes from quadratic electrostrictor to cubic

paraelectric behavior over this temperature range. As the availability of twinning

decreases, crack growth increases.
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ABSTRACT

Experiments based on the compact tension geometry are applied to a relaxor composition of lead lanthanum
zirconate titanate (PLZT). This composition is transparent, and displays electro-optical and piezo-optical coupling.
A standard photo-stress arrangement (crossed polarizers and quarter wave plates) gives a direct view of electric field
and stress concentrations. Electric field is observed to cause cracks to close. This is consistent with earlier
predictions of a negative energy release rate.

keywords: ferroelectric, relaxor, compact tension, electric field, piezoelectric, PLZT

1. INTRODUCTION

Fracture toughness is a measure of a material's ability to resist crack growth. Many observations (most based on
Vickers indentations 1, 2 ,3 ) indicate that stress and electric field interact with cracks in ferroelectric ceramics. In
poled piezoelectrics, additional crack growth is observed perpendicular to the polarization direction. Recently there
have been many efforts to extend the mathematical formalisms of fracture mechanics to ferroelectric ceramics.
Asymptotic analysis has been done with assumed boundary conditions of an impermeable or conducting crack
interior. This work presents direct observations of the effect of finite permittivity and finite dielectric strength within
a notch or a crack.

2. EXPERIMENTS

2.1. Material Characteristics

PLZT (lead lanthanum zirconate titanate) is a relaxor ferroelectric. Specimens were produced from two
compositions, 8/65/35 and 9.4/65/35 (at/oLa/PZ/PT). At room temperature 8/65/35 is ferroelectric and 9.4/65/35 is
quadratic electrostrictive; These will be referred to as ferroelectric and relaxor compositions in the following
discussion. The properties of both compositions are given in Table 1. They have a rhombohedral crystal structure
and an average 5 pm grain size.

TABLE I. PROPERTIES OF PLZT4

Composition (%La/Zr/Ti) 8/65/325 9.5/65/35
d33 (x10 12 C/N) 682 0

pR (C/m2) 0.30 0
Ec (MV/m) 3.6 0

Tc (°C) 110 25
251C Phase Ferro. Rh.

Er 3350 5500

tan 8 (%) 2.5 5.5
resistivity (f)-cm) 1013 1013

k 0.648 0
S I, (x10 12 m2 N) 12.4 12.4

Q1I (m 4 /C2 ) 0.018 0.021

Ql2 (m4/C2) -0.008 -0.009



2.2 Test Technique

Specimens were cut to the dimensions shown (Fig. 1). They were then places in a servo-hydraulic test frame
between crossed polarizers and quarter wave plates as shown (Fig. 2). A tensile load, a voltage, or both were
applied. The voltage was applied to silver epoxy electrodes on the top and bottom of the specimen. The electrodes
were insulated with epoxy to prevent arcing. Birefringence was observed at the front of the saw cut notch.

16.85 mm

20.00 mm

Figure 1. Compact Tension Specimen

00 450 .450 900

LIGHT - - "- I - MICROSCOPE

POL. _" _- ANALYZER

4 4

Figure 2. Experimental arrangement for monitoring notch tip birefringence.

2.3 Results

2.3.1 Mechanical Load Only
When mechanical load is applied to the specimen, the pattern of birefringence is similar to that of a mode I

stress concentration (Fig. 3). The micro-twinning that is responsible for the birefringence is shear induced. This
gives rise to birefringence patterns of the same shape as those predicted for small scale yielding.

2.3.2 Electrical Load Only
When electric field is applied to the specimen, the pattern of birefringence is circular in shape. This is

consistent with the asymptotic solution for electric field in a dielectric with an impermeable crack. The solution is
the same in form as that of the Mode III stress field. This leads to circular patterns similar to the shape of a plastic
zone ahead of a mode III crack.



Figure 3. Birefringence contours produced by tensile stress.

Figure 4. Birefringence contours produced by electric field.

Figure 5. Electric field closes the crack, even when stress is present.



2.3.3 Electric field closes the crack

When the mechanical load was increased to 110 N, some stable crack growth occurred. The crack extended
from the corner of the notch. The crack did not extend through the thickness of the specimen. The load was reduced
to 60 N. At this point the crack was held open by the load. A 4000 V was then applied to the electrodes. As the
voltage increased, the crack opening diminished. The voltage and stress were then reduced to zero and little or no
residual birefringence were observed.

2.3.4 Evidence of Internal Arcing and Residual Charge

A voltage of 6000 V was applied next. When this voltage was reduced to zero, residual birefringence was
observed (Fig. 6). This residual birefringence could be eliminated by application of 2000 V to the electrodes. The air
within the notch or within the crack apparently ionized and distributed charge on the crack surfaces. This charge
reduced the electric field concentration at the front of the notch.

Figure 6. Residual birefringence observed upon removal of a strong electric field.

3. DISCUSSION

3.1. Cracks in Permeable Dielectrics

Cracks with a low permittivity interior in a high permittivity material, that lie perpendicular to the electric field,
concentrate the field at their tips5 "8 . This is clearly observed in the figures resented above. Polarizing PZT and BT
by application of a strong electric field changes the toughness 7"1 3, with a decrease perpendicular to the polarization.
A DC electric-field further changes the toughness 12 , 13 . Dielectric breakdown within notches or pores decreases
electric field concentration by spreading a surface charge over the interior surface. This charge terminates the
normal component of electric displacement.

3.1. J-Interal

The compact tension specimen is being developed as a J-integral test specimen. The energy release rate
definition of J states that the external work done per unit crack advance is a measure of the toughness of the
material. The external work can be directly measured by monitoring the load vs. displacement and the voltage vs.
charge curves at several crack lengths.
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Experimental Measurements of

Electro-Mechanical Constitutive Behavior of

Four Compositions of PZT

William A. Stoll and Christopher S. Lynch

The G.W.W. School of Mechanical Engineering

The Georgia Institute of Technology

Atlanta, Georgia 30332-0405

Abstract - Four compositions of commercially available and electric field acting simultaneously can reduce the
PZT are characterized under combined stress and electric levels that cause depolarization.
field loading. The loading consists of a series of increasing The properties that are most familiar to users are
compressive stress increments alternating with a series of those measured at %mall stress and electric field. usually
bipolar electric field cycles. The softest composition has using an acoustic resonance technique [1]. The linear
the lowest Young's modulus and shows hysteresis in the properties [2] and the loss tangent are published by most of
electric field cycle that increases as the compressive stress the suppliers of PZT. Reported stress/strain curves [3] and
is increased. A distinct yield stress associated with the detailed measurements of the stress/strain/electric-field
onset of deformation twinning (depolarization) is evident behavior of 8/65/35 PLZT [4] led to this survey of several
at around 25 Mpa. After loading to 180 Mpa and compositions of soft and hard commercially available
unloading, there is a large residual strain. The hardest materials. Creep and stress relaxation [5] (associated with
composition has a higher Young's modulus, shows little or aging) are not addressed in this work.
no hysteresis in the electric field cycle until the There has been relatively little modeling of
compressive stress has been applied, has a distinct yield constitutive behavior from the mechanics perspective. An
point at around 75 Mpa associated with the onset of elementary micromechanics model [6] was developed for
deformation twinning, and after loading to 180 Mpa and tetragonal materials. This model simulates the electric-
unloading the non-linear strain is recovered. There is no displacement/electric-field, strain/electric-field, and stress-
residual strain. The two compositions that lie between the strain behavior with some success. An extension of the
extremes display intermediate behavior, model is needed to include a back stress and back electric

field that induce strain and polarization recovery, the
1. INTRODUCTION ability to simulate the rhombohedral geometry, and the

The selection of an active material for the design interaction effects between the grains of the ceramic.
of an actuator system is often based on the d33 linear Phenomenological models of multiaxial deformation
piezoelectric coefficient and the loss tangent. These twinning induced by stress and electric field are still
coefficients are measured at small field and are not needed for finite element calculations of material response.
adequate for predicting the behavior under large electric This will facilitate computational studies of non-uniform
field or stress. This work presents the results of an material loading such as occurs in the fracture process and
experimental survey of several compositions of PZT under in complex transducer designs.
high stress and electric field loading. These models have not been developed largely

The recent interest in developing PZT as an due to a lack of data. Experimental techniques for this
actuator material for large force and displacement type of measurement have only recently been developed.
applications has pushed the use of the materials beyond the This work presents a survey of four commercially
regime where there is design data. Operating the material available compositions under combined stress and electric
at high stress and electric field levels results in non-linear field loading. The loading is isothermal (room
and irreversible behavior. This is associated with temperature) and quasi-static. The materials range from
deformation twinning (depolarization by 90' domain wall soft to hard. These are terms used to describe the effects of
motion in the tetragonal case) when critical stress and dopants [7].
electric field levels are exceeded. A combination of stress

Proceedings of the 199,6 IEEE International Symposium on the Application of Ferroelectrics.
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2. MATERLALS
The materials were obtained in a prepoled state cum M

from a commercial source [8]. The manufacturer's names Stress
for the various compositions are listed in each figure. A .200 (mPa)
loading fixture (Fig. 1) was developed to simultaneously -100
apply compressive stress and electric field.

FOD ,N/M 0

Wai 0&4

Eectric
(UV/m)

-1
V

Figure Loadh Se nla

,LzTS . CS00100

e Combined compressive stress and electric field0
loading fixture.O

.200 ... ...... .. ...

-0.8 -0.4 0

3. EXPERIMENTAL RESULTS S1train()
Tedata presented below (Figs. 2-5) describe the

behavior of PZT ranging from soft to hard under combined C60 Fiel
stress and electric field loading. Starting at zero stress and
strain the electric field is positively cycled to 0.2
approximately -0.7 MV/- and then back to zero. Next, it
is negatively cycled to -.07 MV/n then back to zero. The 0
stress is then increased at zero electric field. Holding the
stress constant, the electric field is cycled again. This _ -0.2
loading is repeated until the sample is unloaded at zero
electric field. Several features are of note. The soft -0.4
composition has depoled after the stress is removed. This
results in a residual strain of about 6000 microstrain. (See .
[4] for a detailed discussion of depolarization and loss of -0.6
remanent strain.) The hard material depoles, but the .. a
internal field causes it to spontaneously repole when the 4.8 -0.4 0 0.4 0.8
stress is removed. There is no residual strain. Also, the
hysteresis seen in the zero stress electric field cycle of the tlectric Field (UV/ml
soft material is associated with the large loss tangent and Figure 2. Softest compostion of PZT tested. Full
low Q. This does not occur in the hard material. ltres/strain/electric-field cycle (top). Ses/mrain cycle

(middle). Strain/electric-field (bottom). Note the low
elastic modulus and the large d33. These are associated
with domain wall motion and hysteresis. This material is
easily depoled.
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Figure 3. Intermediate/soft composition of PZT. Full Figure 4. Intermediatedhmd composition of pZT. Fulluwress/strain/electric-field cycle (top). Stress/strain cycle Stress/strain/electric-field, cycle (top). Stress/strain cycle(middle). Strainlelectric-field (bottom). Note the (middle). Strainlelectric-field (bottom). Note the furtherincreased elastic modulus and some strain recovery after increased elastic modulus and full strain recovery after thethe stress is removed. stress is removed.

3



C5600 PZT 4. CONCLuDING REMARKS
itress The softest composition has the lowest elastic

•150 (MPg) modulus (slope of the stress/strain curve) and highest d33

100 coefficient (slope of the stain/electric-field curve). In
s0 actuator applications, the high d33 coefficient does not

make up for the lower blocking load. The hard
Electric compositions do not begin to depolarize until the stress

Field level has exceeded 50 to 75 MPa or more. The soft
(UY/m) - t. Lng compositions depole at much lower stress level. This

a __ further limits their application as actuators. The hard
Loading compositions have far less hysteresis in the strain/electric-

field response. This makes them better candidates for
micro-positioning applications. The strain recovery upon

.0.6 -0.4 0.2 0 unload of the stress in the hard compositions gives a more
Strain (%) robust design for actuator applications. An occasional

stress overload does not permanently depole the ceramic.
C5800 PZT All of these tests were run in about a one hour

Stress vs. Strain time frame. The hard materials will quite likely

0 permanently depole if subjected to a compressive stress for
a long duration. The tests were also conducted at room
temperature. At elevated temperature, permanent

5 -50 Unload depolarization of the hard material is expected to occur
I. under compressive stress loads. Further work is needed in

/this area before reliable device design can be
-100 /accomplished.

.Load
S-150

-200 ... 5. ........... S.ACKNOWLEDGMENTS
-0.8 -0.4 0 This work was supported by the Office of Naval Research

Strain (%) through Contract E-25-L35.

C6500 PZT
Strain vs. Electric Field
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CONVERSION TABLE

Conversion factors for U.S. customary to metric (SI) units of measurement

To Convert From To Multiply

angstrom meters (W) 1.000 000 X E-10
atmosphere (normal) kilo pascal (kPa) 1.013 25 X E+2
bara kilo pascal (kPa) 1.000 000 X E+2
barn meter2 (m2) 1.000 000 X E-28
British Thermal unit joule (J) 1.054 350 X E+3
(thermochemical)
calorie (thermochemical) joule (J) 4.184 000
cal (thermocemical)/cm2  mega joule/M2 (MJ/M2) 4.184 000 X E-2
curie giga becquerel (GBq)* 3.700 000 X E+1
degree (angle) radian (rad) 1.745 329 X E-2
degree Fahrenheit degree kelvin (K) tK=(tof + 459.67)/1.8
electron volt joule (J) 1.602 19 X E-19
erg joule (J) 1.000 000 X E-7
erg/second watt (W) 1.000 000 X E-7
foot meter (i) 3.048 000 X E-1
foot-pound-force joule (J) 1.355 818
gallon (U.S. liquid) meter3 (M 3) 3.785 412 X E-3
inch meter (i) 2.540 000 X E-2
jerk joule (J) 1.000 000 X E+9
joule/kilogram (J/Kg)
(radiation dose Gray (Gy) 1.000 000
absorbed)
kilotons terajoules 4.183
kip (1000 lbf) newton (N) 4.448 222 X E+3
kip/inch2 (ksi) kilo pascal (kPa) 6.894 757 X E+3
ktap newton-second/m (N-s/m2 ) 1.000 000 X E+2
micron meter () 1.000 000 X E-6
mil meter (i) 2.540 000 X E-5
mile (international) meter (i) 1.609 344 X E+3
ounce kilogram (kg) 2.834 952 X E-2
pound-force (lbf avoirdupois) newton (N) 4.448 222
pound-force inch newton-meter (Nem) 1.129 848 X E-1
pound-force/inch newton/meter (N/m) 1.751 268 X E+2
pound-force/foot2  kilo pascal (kPa) 4.788 026 X E-2
pound-force/inch2 (psi) kilo pascal (kPa) 6.894 757
pound-mass (lbm avoirdupois) kilogram (kg) 4.535 924 X E-1
pound-mass-foot2 (moment of kilogram-meter (kgm 2) 4.214 011 X E-2
inertia)
pound-mass/foot3  kilogram/meter (kg/m3) 1.601 846 X E+1
rad (radiation dose absorbed) Gray (Gy)** 1.000 000 X E-2
roentgen coulomb/kilogram (C/kg) 2.579 760 X E-4
shake second (s) 1.000 000 X E-8
slug kilogram (kg) 1.459 390 X E+1
torr (mm Hg,00C) kilo pascal (kPa) 1.333 22 X E-1

*The becquerel (Bq) is the SI unit of radioactivity; Bp = 1 event/s.
**The Gray (Gy) is the SI unit of absorbed radiation
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SECTION 1
INTRODUCTION

Various Silicon-On-Insulator (SOI), in principle SIMOX, and
thermal oxide materials were evaluated for their oxide (SOI:
buried-oxide) charge trapping properties over the duration of the
contract. The contractual material arrived in wafer form, often
only portions of a whole wafer. Quick turn-around test
structures, the dual C-V and the point contact transistor (or
2ptIV), described in detail later in this report, were the
benchmark vehicles for material characterization throughout this
contractual effort. Two major finding are discussed below. The
first has to do with the SIMOX buried-oxide charge trapping
response versus buried-oxide thickness. The second observation
deals with a unique post oxidation treatment to the finished
SIMOX wafer, called HITOX.

Throughout this report the two findings will be discussed in
parallel. The work performed in both material areas complements
each other in a better understanding of the charge trapping
response on the SIMOX buried-oxide.

1.1 CHARGE TRAPPING VS. BURIED-OXIDE THICKNESS.

As device geometries are scaled to smaller dimensions to the far
submicron regime, the film thickness of silicon-on-insulator
structures will need to be reduced. As the superficial silicon
is being reduced in thickness from 300nm to 50nm, the
buried-oxide thickness is being reduced from 400nm to 70nm. Will
the radiation-sensitivity of the thinner SIMOX buried-oxide scale
in thickness with the same relationship that holds for thermal
oxides?

Thermal oxides have a known square-law thickness dependence [1,
but due to large variations in material properties, the thickness
dependence for SIMOX structures has remained undetermined. In
earlier work, which was limited to the lower interface of
standard SIMOX material (300nm<BOX<450nm), a square-law thickness
dependence was observed [2]. With the availability of improved
material, and new diagnostic techniques (spectroscopic
ellipsometry and quick-turn-around test structures), the
relationship can now be determined for the top interface and
extended to BOX thicknesses below 100nm. The work in this report
will cover BOX thicknesses from 68nm to 401nm.

The importance of monitoring the charge trapping response of the
BOX top interface is that it is this interface that controls the
back-channel transistor threshold. In fully-depleted SOI
structures the front-channel transistor is electrically coupled
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to the back-channel transistor. The electrical performance of
SOI CMOS circuity can be severely limited by the degradation of
the back-channel transistor threshold [3].

One of the purposes of this report is to enhance the knowledge of
the radiation induced voltage shift of BOX material as a function
of BOX thickness. This thickness relationship is needed for
design and testing considerations for SOI technology as scaling
in thickness occurs. The understanding of radiation induced
voltage shifts as BOX thickness scales downward is important for
properly designing and interpreting device measurements. Device
designers need these results to aid in predicting device
response, and assist in selecting approaches for radiation
hardening of BOX material.

1.2 POST HIGH-TEMPERATURE OXYGEN TREATMENT OF SIMOX.

As mentioned above, additional work was performed on an unique
post high temperature oxidation treatment to the finished SIMOX
wafer. Several advances in SIMOX substrate fabrication are now
making possible the use of the SIMOX technology for mainstream
microelectronics applications [4]. This has generated an
increased interest for further quality improvement of the silicon
film/buried oxide. An approach taken recently is a high
temperature oxidation of the finished SIMOX wafer [5,6], which
was found to increase the buried oxide thickness in addition to
oxidizing the top silicon film surface. Cross-sectional
transmission electron microscopy (XTEM) photomicrographs
indicated this high temperature oxidation (HITOX) process reduced
the roughness and improved the morphology of the interface
between the silicon film and the buried oxide [7].

This HITOX/BOX structure was consideied to have improved material
characteristics; however, the electrical properties, and in
particular the charge trapping characteristics, were not
evaluated. In addition to the aforementioned effort dealing with
charge trapping versus BOX thickness, this report will also
evaluate the electron trapping behavior of HITOX material versus
standard SIMOX obtained from two separate. sources. The sources
will be referred to as vendor A and vendor B. It should be noted,
it was not the purpose of this endeavor to compare vendor A to
vendor B, but only to have two different sources of material for
evaluation of a given research and development technology.
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SECTION 2

EXPERIMENTAL

2.1 MATERIAL PREPARATION.

The SIMOX wafers arrived fully processed with respect to the
SIMOX buried oxide and it's high temperature anneal. Any
additional contractual processing adjustments made to the buried
oxide for charge trapping modification would be classified and
are not mention in this report. Below are briefly described the
two main material categories, the SIMOX material and the
HITOX/SIMOX material.

2.1.1 Formation of SIMOX Buried-Oxide.

The SIMOX samples used in this report were obtained from a
variety of different vendors. The high-energy (120keV to 200keV)
oxygen implantation dose (single and multiple) used to form the
BOX ranged from 0.4x10 18 O /cm2 to 1. 8x1018 O/cm 2. In all cases a
post implantation anneal was performed for a standard anneal time
[4].

2.1.2 The Post High-Temperature Oxygen Treatment.

In approaching the characterization of the HITOX technology, a
SIMOX control was selected for comparison. The samples were
processed in a similar fashion as those in previous publications
[2,4]. The SIMOX wafers were formed by a standard process [5,7].
The resulting thicknesses of the buried oxides were 97.5nm for
vendor A, and 103nm for vendor B. This thickness range is
considered thin for SOI material and is currently gaining
importance [8]. Following the formation and anneal of the BOX
(the finished SIMOX wafer), the HITOX process is performed. From
spectroscopic ellipsometry measurements, it was found [9] that
the HITOX process increased the BOX thickness by 25nm for vendor
A and 5nm for vendor B.

2.2 DEVICE FABRICATION.

The material evaluated throughout this report arrived in whole or
portion of wafer form. The SIMOX wafers were finished SIMOX
wafers (BOX formed, and high-temperature anneal performed).
Using our simple processing procedures, quick turn around test
structures were fabricated. Listed below are three of the
principle test structures fabricated for material evaluation.

2.2.1 Dual C-V Structure.

The dual capacitance-voltage C-V device was a fundamental
structure used throughout this work. The first device
fabrication step was to deposit aluminum dots onto the SIMOX top
silicon film. These aluminum gates were than used as a mask for
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a hydrazine etch which removed the surrounding top silicon film
down to the buried oxide. The finished structure was an aluminum
gate on top of a silicon island, which resided on top of the
buried oxide and silicon substrate. Figure 2-1 a) shows the
Al/Si/Si0 2/Si structure, or the dual C-V device.

2.2.2 Point-Contact Transistor.

The point contact transistor (or 2ptIV, for two point current
voltage) was also a fundamental structure used throughout this
work. The fabrication of the point contact transistor was
similar to the above dual C-V structure. First the SIMOX wafer
had aluminum dots deposited on the top silicon film. These
aluminum gates were than used as a mask for a hydrazine etch
which removed the surrounding top silicon film down to the buried
oxide. (At this point, the structure is identical to the above
capacitance C-V dot.) Next, the aluminum gate was removed. The
remaining structure was an isolated silicon island. The height
of the silicon island depended on the arriving top silicon film

gate

voltage Source - Drain

(probe)Al gate

Si Si
Top Interface

Bottom Interface

Si Sub. Si Sub.

Gate Voltage

a) Dual C-V b) Point-contact transistor

Figure 2-1. Simple diagram of the SIMOX a) dual C-V structure,
and b) the point-contact transistor.
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thickness. This isolated silicon island was the finished
structure. Two probes were placed upon the top silicon
(approximately 5mil apart) acting as source and drain, and the
wafer substrate acted as the gate. With the buried oxide acting
as the gate oxide, the device response was that of a MOSFET
transistor from weak-midgap to strong inversion for both carrier
types. Figure 2-1 b) shows the finished point contact
transistor.

2.2.3 Photo I-V Structure.

Fabrication of the photo I-V structure requires the removal of
the top silicon film [10,111. With the BOX exposed, large but
thin aluminum gates were deposited. The aluminum gate allows the
structure to perform as a capacitor (the largest of the gate is
need for measurable electron injection current levels), and the
thin aluminum gate allows the 5ev mercury light to pass through.
The finished photo I-V structure is shown in Figure 2-2.

5 eV light

ammeter

V VV voltage source

thin Al gate/

Top interface

Bottom interface

Si substrate

Figure 2-2. The SIMOX photo I-V structure used for photo-
injection.
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2.3 EQUIPMENT.

The equipment used throughout this effort was all part of an
advanced computer controlled semiconductor parameter analysis
system. Each measurement capability was automated by computer
code for controlled data collection. Listed below are
descriptions of select sub-systems that were used to characterize
delivered material throughout the reported period.

2.3.1 Capacitance and Current Measurement Equipment.

The computer automated data acquisition of capacitance and
current versus voltage data routines were controlled by a Hewlett
Packard (HP) model 9000 series 300 computer. The capacitance vs
voltage data was collected by any of the following; a HP 4280A
1Mhz C meter, HP 4274A or HP 4275A multi-frequency LCR meter.
The current vs voltage data was collected by any of the
following; a Keithley 617 ammeter, a HP 4140B pico-ammeter, or a
HP 4145A semiconductor parameter analyzer.

2.3.2 X-Ray Source.

To generate electron/hole pairs in the buried oxide, thus
creating oxide trapped charge, our samples were exposed to 10 KeV

X-rays from an ARACOR 4100 X-ray source. The dose rate was
variable, but the standard dose rate was 1800rad(SiO2 )/sec. The
samples were exposed in a total dose fashion to total doses as
high as 1OMrad(SiO2 ). The standard dose was IMrad(Si0 2) . All
sample biasing, irradiations, and measurements were done by
probecards at room temperature.

2.3.3 Photo-Injection Equipment.

The photo-injection system is more complex than the other
mentioned data acquisition systems. The light source, which
yields the needed energy for electron injection, must be shutter
controlled. With the lamp on and shutter open the electron
injection current must be monitored, then intermittently the
shutter must be closed to allow for capacitance monitoring. The
controlling computer is the above mentioned HP system. The
capacitance and current meters are also the same as mentioned
above. The light source was an Oriel 500 watt mercury lamp
powered by a Oriel 68810 arc lamp power supply.

2.4 METHODS OF INVESTIGATION.

A variety of techniques were used to characterize the charge
trapping of the buried oxide. Listed below are three principle
techniques used. Each section briefly describes a technique, and
the expected results obtained by using the technique.
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2.4.1 Capacitance-Voltage Method.

The capacitance versus voltage technique is a standard for
monitoring trapped charge in the oxide [12]. Since the SIMOX
buried oxide is known the exhibit bulk oxide trapping [131, the
dual C-V structure is ideal for top and bottom voltage shift
parameter extraction. The ratio of the voltage shifts also
yields a charge centroid [12].

The SIMOX wafer lends itself naturally for the dual C-V
structure. The problems arise in data extraction though. Often
the top interface is difficult to identify, due to doping
differences between top silicon film and bottom silicon
substrate. The bulk of the work presented here is done n-type
top silicon and p-type silicon substrates. The bottom C-V curve
is clear and data extraction is excellent. The top C-V curve is
often a bit more evasive, but with good correlation between the
top C-V shift and that of the point-contact transistor confidence
in the top C-V shift is obtained. In general, only a AVmg is
monitored for the top and bottom interface. Additional
information is not necessary for material characterization at
these stages of investigation.

2.4.2 Current-Voltage Method.

The principle technique used to characterize the material
provided was the two-point-current-voltage (2ptIV) technique
(sometimes referred to as: point contract or quick-turn-around
structure (QTA)). When introduced, this new measurement
technique demonstrated a fast turn-around testing capability for
the top interface of SIMOX material [14,15] . Later the
current-voltage data was shown to be consistent to that of a
finished transistor [161. The 2ptIV technique was used
throughout this effort, and the test structure is shown in Figure
2-1 b).

Typical 2ptIV and dual C-V (n-type top Si, and p-type bottom Si)
characteristics before and after radiation are shown in Figure 2-
3. The BOX structure used in Figure 2-3 is a typical medium BOX
thickness structure (TBox=1 64nm). Note that both the 2ptIV and
the dual C-V structure yield the same top interface voltage shift
information. This is a key correlation to support the use of the
2ptIV technique throughout the effort.

Additional validity of the 2ptIV technique can be shown by
comparing C-V and 2ptIV charge trapping results for the a variety
of samples. Figure 2-4, shows this comparison for ground bias as
well as for biased data. The two techniques yield the same
voltage shift information. Thus, for charge trapping information
on the top interface, the 2ptIV technique has been used in this
effort for material evaluation.
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Figure 2-3. Sample results after iMrad (Si02) with VBG:+5X10 4

V/cm, a) 2ptIV results, and b) dual C-V results.

2.4.3 Photo-Injection Method.

Electron trapping in the BOX was investigated with the use of the
photo injection technique. The photo-injection structures, as
mentioned earlier, were fabricated by removing the top silicon
layer, and depositing a thin (20nm) aluminum gate. The structure
represents a capacitor with a thin gate, the thinness of the gate
allows the mercury light to pass through. A Oriel 500 watt
mercury lamp supplies the energy for electron injection into the
oxide, and is filtered to prevent hole injection (Oriel filter
59418). For the work presented in this report, a constant
electron injection current density of 1x10-7 A/cm 2 was maintained
for approximately 42 hrs by varying the negative applied gate
voltage, causing electron injection from the aluminum gate. The
applied field remained under 0.5 MV/cm.

The electron trapping behavior within the BOX was evaluated by
capacitance and photo-current measurement techniques. The midgap
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Figure 2-4. A comparison of top interface voltage shifts for
the C-V and the 2ptIV techniques.

capacitance of the capacitor is monitored as a function of
electron injection (a AV,, vs injection-time is recorded) . From
this data an electron capture cross section can be determined
[7] . Finally, from the photo-injection I-V curve, the total
number of occupied electron trap and a charge centroid can be
determined [121.
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SECTION 3
EXPERIMENTAL RESULTS

3.1 CHARGE TRAPPING IN BURIED-OXIDES.

For SOI circuits in space bound systems, fringing fields in the
BOX are of extreme importance for BOX charge control. Charge
buildup within the BOX effects the threshold voltage of the
back-channel transistor. The pass-gate bias condition, where
both the source and drain are in the "high" bias condition
(V~d=high (+5v)) is considered the worst case bias condition for
total dose testing. It is the fringing fields due to this bias
condition that wrap-around and are terminated at the back-channel
interface that cause the greatest device degradation. These
fringing fields cause radiation-induced positive charge to drift
to the back-channel interface, where it is then trapped. Here
the positive trapped charge lowers the back-channel threshold of
N-channel transistors, which in turn affects the
front-gate-channel FET operation. Controlling, as well as
predicting, the charge trapping behavior of the BOX is of extreme
importance to ensure proper operation in a radiation environment.

Modeling work by Smith found that the SOI fringing field in the
BOX oxide for Vdd "high" was an electric field of 5x104 V/cm [6]
Our BOX testing has focused on this fringing field effect within
the BOX. The test structures have been evaluated with a
substrate bias of 5X10 4 V/cm to simulate the fringing field BOX
effect.

3.1.1 Charge Trapping vs. Electric Field.

The polarity and magnitude of the applied electric field across
an oxide under the influence of ionizing irradiation will effect
the charge trapping results [17,18]. For our dataset of SIMOX
wafers the effects are of importance since the buried oxide
differs so from that of a thermal oxide [19]. The effect of
electric field on BOX charge trapping for a sample in our SIMOX
dataset is shown in Figure 3-1. The AVT voltage shifts are from
point contact transistor results (the top interface) on a thick
BOX structure (Tox=400.9nm). The influence of the applied
electric field during irradiation on BOX charge trapping begins
at 1x10 4 V/cm and is very strong by 1x10' V/cm. These fields are
in reference to the substrate (positive bias to substrate). The
work presented throughout this report on voltage shifts versus
BOX thickness will cover biases from -5X105 V/cm to 5XI05 V/cm.
Again, the emphasis of this effort was VBG:+5X10 4 V/cm, simulating
typical device application BOX electric fields.
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3.1.2 Charge Trapping vs. Buried-Oxide Thickness.

In efforts to compare a variety of SIMOX buried oxide
technologies we have gathered a large database of BOX charge
trapping results for VB: +5X10 4 V/cm at lMrad(Si0 2).

Figure 3-2 shows a plot of point-contact (top interface) voltage
shifts for various BOX thicknesses. The entire dataset is shown
in Figure 3-2.

100

x-ray, WMrad(SiO2)

V: +5x1O V/cm

0

- ~slope=""

>
. 10 ..'"0

V/c) at 1Ma S0),(lldt"nldd

CI)

-4-) .

0 /

1 I I I I I I I III I 1I 1 1

10 100 1000

BOX Thickness (nm)

Figure 3-2. Voltage shift versus BOX thickness for VBG:+5xI0 4

V/cm at iMrad (SiO2), (all data included).

A primary research goal would be to extract a relationship from
Figure 3-2, (graphical at the minimum) that would allow the
prediction of the radiation response of SIMOX structures. A
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first attempt would be to represented the dataset by a line with
unity slope, (as shown in Figure 3-2). Although, scatter in the
data causes some uncertainty, and knowing that SIMOX radiation
results vary greatly with processing, the graph basically raises
more questions than it answers. Later in this report these
questions and research approaches will be addressed.

3.1.3 Charge Trapping vs. Density of Buried-Oxide.

For help in interpreting Figure 3-2, we revisited the work
published by Mrstik [20]. This work compared radiation charge
trapping for SIMOX BOX oxides versus an optically determined BOX
density (spectroscopic ellipsometry (SE). The results were found

80

350nm < BOX < 420nm

70 0 Multiple oxide
0 Supplemental SIMOX

0~ V Single SIMOX
V Thermal oxide

60 x-ray dose= IMrad(SiO)

VG: +5x0 V/cm

50 Q
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30 4% 7

0
0

20 I I

0 10 20 30 40

Density (%GFS)
(GFS = greater than fused silica)

Figure 3-3. Voltage shift versus BOX density for thermal oxide
and various SIMOX structures (reprint from: B.J.
Mrstik [20]).
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useful in analyzing our dataset. For clarity, Figure 3-3 is an
annotated graph from the Mrstik publication showing the strong
charge trapping variation versus a BOX density parameter.

All the samples evaluated throughout this report were
characterized by the spectroscopic ellipsometry technique [9].
The optically determined density did vary among our sample
dataset and material suppliers. The SE technique was also
considered very accurate in determining the BOX thickness. It
should be noted, this contractual effort relied largely on
transistor AVT BOX shifts for evaluating the charge trapping
response of the buried oxide (which is fine, and necessary),
but the value of the SE results should be underscored.

3.2 ELECTRON TRAPPING IN BURIED OXIDES.

The use of ionizing irradiation (X-rays) to generate
electron/hole pairs within the SIMOX buried oxide usually results
in a net trapped positive charge. To investigate the influence
of only electron trapping on the charge trapping behavior of the
BOX, the technique of photo-injection was implemented. Here only
electrons are injected into and trapped within the oxide. The
BOX can now be evaluated as to solely electron trapping behavior.
The results below compare the electron trapping results of a
standard SIMOX to a recent post-oxygen treatment applied to
SIMOX.

As mentioned earlier, during the photo-injection process the
midgap capacitance is monitored to evaluate the electron trapping
of the BOX. With the 5ev mercury light on, and using a computer
to continually adjusting the applied gate voltage to maintain a
constant injection current level, the electron injection process
proceeds. The computer records a capacitance AVmg as a function
of injection time (or fluence). Note, this capacitance
information is from the lower (bottom) interface, and the motion
of this AV,, will saturate in time. The magnitude and shape of
this AV,, vs fluence curve is the key information extracted for
the photo-injection technique.

Figure 3-4 shows the photo-injection results for both HITOX
material sources with their respective control SIMOX structures.
The y-axis, the midgap (AVm ) voltage shift, has been
converted into a -charge/area (electron trapping) to normalize
out any thickness dependencies, and the x-axis, time of electron
injection, has been converted into a number of injected electrons
per area (Ninj cm

-2 , a fluence). Both vendors' HITOX structures
show more electron trapping per area than their respective
control SIMOX structure, indicating that the HITOX process
increases the electron trapping response for both vendors
baseline technology. Figure 3-5 (a,b) shows the pre and post C-V
curves, post referring to the end of the entire electron
injection sequence. The post C-V curves show no stretch-out, and
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therefore interface states, or lateral non-uniformity effects,
can not account for the HITOX increase in electron trapping.

5

C) 4
0- //0Vendor B

CO

~3

2 /"
Vendor A

)- Control

- -- HITOX

0 1

Oe+000 2e+016 4e+016 6e+016

Nin j  (1/cm )

Figure 3-4. The photo-injection results for standard SIMOX and
HITOX for two separate vendors. The HITOX indicates
more electron trapping than the standard SIMOX
material.
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SECTION 4

DISCUSSION AND ANALYSIS

4.1 LACK OF SQUARE-DEPENDENCE IN THICKNESS RELATIONSHIP.

By considering the results of the Mrstik et al. work on charge
trapping vs. density of the BOX on similar SIMOX material, our
dataset in Figure 3-2 has been re-evaluated. We selected only
those samples from our dataset which had a density close to that
of a thermal oxide. The assumption being that BOX with densities
close to thermal oxide would behave like thermal oxide. This was
supported by the wide variation in radiation induced voltage
shifts observed for similar thickness samples but varying in BOX
density. For instance, at a given BOX thickness, such as 430nm,
the radiation induced shift was observed to vary, depending on
BOX density, from 40 to 85 volts. Using the spectroscopic
ellipsometry (SE) technique, we selected only those samples which
had a low density (near to a thermal oxide, less than 4% Greater
than Fused Silica (GFS), (density<4%GFS).

By selecting a narrow range of densities (density<4%GFS) our
dataset from Figure 3-2 has been re-evaluated. Figure 4-1 shows
the voltage shift versus BOX thickness for these samples with
near thermal oxide density. Note the inflection point in Figure
4-1, which begins at about 180nm (the inflection point refers to
the region of data with slope=0.7, the non-square-law portion).
When an oxide is exposed to ionizing irradiation, there are known
processes that take place; namely, the motion of radiation
induced electron/hole pairs under the influence of an applied
electric field, and secondly recombination within the oxide. The
two processes are in competition with each other. It is known
that in high density SIMOX the radiation induced holes are not
mobile [20,21], in low density SIMOX the holes are mobile
[20,13,22] . The value of mobility of the radiation induced holes
in low density SIMOX is unknown, and beyond the scope of this
work. Nevertheless, the mobility of these holes play an
important role in the observed electrical voltage shift at the
top interface of the BOX. More will be mentioned later on the
role and influence of these radiation induced holes on the
observed inflection point.

4.1.1 Location of Charge Centroid.

To better understand the observed inflection point for the
VBG:+5x10 4 V/cm data, a few selected dual C-V structures were also
irradiated (a thin=80nm, medium=164nm, and thick=350nm). The
dual C-V structure yields voltage shift information for both top
and bottom BOX interfaces. From these dual C-V structures a
charge centroid was extracted, using the following equation
[12,23]:

X = TBox * ( -AVtp/AVbot ) -
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Figure 4-1. Replot of Figure 3-2 with using a density
limitation.

Figure 4-2 shows the centroid data in a bar chart format. The
key observation from the centroid measurements is that the
centroid location has a thickness dependence. All three
thicknesses appear to trap the same level of charge, 4x10- C/cm 2,
at iMrad(SiO 2). The key difference is the location of the
centroid. Namely, the thin BOX sample has its centroid at 34nm;
whereas, the thick has its centroid at 76nm. The location of the
BOX centroid vs. thickness must be a material property, since we
still observe a similar phenomena at saturation (shown later in
this report). The observation that all three thicknesses have
approximately the same trapped oxide charge is probably related
to hole mobility and trap concentration limitations. Since the
holes in the thick BOX relative to the thin BOX have to move
farther to reach their centroid location (almost a factor of six
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in distance).

Now returning to Figure 4-1, what if a simple geometric
correction is made to the centroid locations for the medium and
thin BOX structures? Basically, if the thin BOX centroid is
moved from 34nm to 76nm, where it is for the thickest sample, the
interface should sense approximately half the trapped charge.
Using this argument, the medium and thin BOX have been adjusted.
The result is shown in Figure 4-3.

This geometric correction reestablishes the square-law
dependence. Thus, the observed inflection point can be explained
by the location of the charge centroid for the medium to thin
non-saturated BOX structures.
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Figure 4-3. A re-plot of the VBG:+5xI04 V/cm data using a simple
geometric correction for the medium and thin BOX
centroid.

4.1.2 Motion of Radiation-Induced Holes.

To better understand the above observed BOX charge trapping
phenomena, a more detailed knowledge of the total dose charge
trapping response was needed. Figure 4-4 shows the total dose
response for a BOX=350nm with low density and an applied fringing
field of VBG:+5X10 4 V/cm.

Note that the lMrad(SiO) location appears to be in the middle of
the total dose curve. This location indicates a non-saturation
condition within the BOX. The term non-saturation implies that
the given process has not come to completion. The two processes
involved here are; the radiation induced hole drift under the
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Figure 4-4. A total dose plot for VH:+5x10 4 V/cm. (The observed
reduction in voltage shifts in Figure 4-4, as
compared to Figure 4-1, is due to brief isothermal
annealing at each dose location.)

influence of an applied electric field, and second,
recombination. The more likely incomplete process here is the
mobility of the holes.

Normally when comparing charge trapping among various oxides,
only charge saturated conditions are considered. For this
purpose a field of 5x105 V/cm was selected and a total dose
evaluation was conducted. Figure 4-5 shows the total dose
response for a 350nm BOX, low density, and with VBG:+5xl05 V/cm.
Note that at a dose of lMrad(SiO2 ) the BOX appears charge
saturated.
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Figure 4-5. Voltage shift plot versus total dose for VBG:+5xlO5
V/cm.

The voltage shift versus BOX thickness data for V8G:+5xlOS V/cm
under a BOX-saturation condition is shown in Figure 4-6. The
square-law dependence fits well. However the data in Figure 4-6
is related to an unrealistic device operating condition. The
results from Figure 4-6 would be misleading to the applied
"real-world" device designers. Namely, SOI components do not
normally have such high fringing fields in the BOX region, and
more importantly satellite systems are concerned with lower
(non-saturation) level doses. The present emphasis is for
components that can tolerate low field and low dose conditions.
Charge trapping information from a saturation condition would be
misleading to device designers.

22



1000 .

BOX p < 4% GFS

x-ray, lMrad(SiO2)
V 5xi0 V/cm

o

> M"

U

* 0,,

< 10 ,0'~
d>~o 0

1 I l I I I, I I I

10 100 1000

BOX Thickness (nm)

Figure 4-6. Voltage shift versus BOX thickness for VBG:+5xI0 5

V/cm at iMrad(SiO2 ).

Even though the higher bias is a non-typical device electric
field across the BOX, we investigated this saturation bias to
gain insight into the BOX charge trapping mechanisms. Similar to
above, selected dual C-V structures were repeated using VBG:+5x105
V/cm IMrad(Si02 ). From these results an oxide charge centroid
versus thickness relationship was obtained. Figure 4-7 shows the
centroid location and magnitude for the three selected
thicknesses. Note that in saturation the thicker the oxide the
more charge is trapped in the BOX.

The charge to thickness relationship for this saturation
condition is shown in Figure 4-8. Note the sub-linear
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Figure 4-7. The centroid magnitude and location for three
different thicknesses. The radiation was performed
for V B:+Sx10 V/cm at 1Mrad(SiO2) .

relationship, which differs from that expected for a thermal
oxide (a power of unity). It is known that SIMOX, due to the
oxygen implantation process used to form the buried oxide, has
bulk oxide trapping [21]; whereas, thermal oxides only have
charge trapped at the Si-SiO. interface [1] . It would also be
expected that the BOX charge centroid and magnitude might vary
with thickness, due to the different levels of implant damage
caused by the varying oxygen implant energies needed to form the
various BOX thicknesses. An etch-back experiment would be
necessary to obtain a detailed charge to thickness relationship
needed to explain the above saturation square law behavior. At
this point we present the above charge to thickness relationship
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as an observational finding, and note that when the BOX is biased
in saturation the square law dependence is observed.

To complete the bias range, other biases were also evaluated.
Figure 4-9 shows voltage shift data versus BOX thickness for
biases ranging from -5x105 V/cm to 5x105 V/cm. The negative
biases show very little thickness dependence. From ground to
1x10 5 V/cm the inflection point is observed. Note the slope of
the inflection point migrates into the square-law dependence as
the applied bias during irradiation increases. This behavior is
attributed to the centroid magnitude and location, which is now
known to be influenced by the applied bias during irradiation and
the BOX thickness.
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The main observation of this work is the appearance of an
inflection point in the voltage shift versus BOX thickness
relation for bias and radiation conditions typical of real
applications. This inflection point is observed to appear at
biases of ground and migrate into the square-law dependence at
biases greater than VBG:+5X105 V/cm. The inflection point can be
removed by allowing the BOX to saturate in radiation induced
charge buildup.

The results for the non-saturation condition can also be
explained by considering the influence of the applied electric
field during irradiation on the motion of the radiation induced
holes versus the BOX thickness. The applied electric field
(VBG:positive) in this experiment causes the radiation induced
holes to drift toward the top interface (simulating the pass-gate
(source and drain "high") fringing field effect). For thin BOX
material (<100nm) all the radiation induced holes are swept to
the top interface. In the medium to thick BOX material only a
fraction of the radiation induced holes drift to the top
interface, due to hole mobility limitations. Increasing the
applied field during irradiation increases the fraction of mobile
holes that will make it to the top interface for the thicker
material, thus removing the inflection point in the thickness
relationship.

Thus, the observed inflection point is a phenomena of
non-saturation, and results from the radiation induced holes in
the BOX not being able to move the greater distances required by
the thicker BOX structures. When the BOX is biased into
saturation during irradiation, the holes drift as far as they can
go under the influence of the applied electric field and avoid
recombination.

The importance of this work is in the comparison of SIMOX
material as technology moves from the standard thick BOX material
(>340nm) to the thinner BOX material (<100nm, possibly fully
depleted). Having an understanding of the charge trapping to
thickness relationship will help in determining material
improvements, and aid device designers to predict circuit
response.

4.2 BURIED-OXIDE ELECTRON TRAPPING RESPONSE.

From the photo-injection current vs. voltage curves (not shown
here), the total bulk electron trapped charge and an electron
charge centroid can be determined [10,12,23]. In contrast to the
C-V measurements, the photo I-V obtains information from both
interfaces, and thus the total bulk trapped charge QT per area is

QT= B sox / TBOX ) * ( AV. +V ),
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where eBOx is the permittivity of the oxide, T. the BOX thickness,
AV, is the voltage shift when injection occurs from the BOX/Si
interface, and AV- is the voltage shift when injection occurs from
the Al/BOX interface. The total number of occupied traps NT per
area is

NT = QT/q,

where q is the electron charge, and the position X of the charge
centroid from the Al/BOX interface is

X = Ta0x / (I- A-V / AV.

In addition, from the data in Figure 3-4, the electron capture
cross sections can be determined [24]. The results of the above
calculations are summarized in Table 4-1 for the materials
provided by vendors A and B.

What can clearly be observed from Table I is that the HITOX
process, when compared to the corresponding control, has a larger
total number of occupied traps. This is in agreement with the
increased electron trapping observed in Figure 3-4. No
significant difference is observed in the centroid location.
Also, no difference is observed in the electron trap capture
cross sections between HITOX and control samples. Thus, the
trap capture cross section can not account for the increase in
electron trapping levels. Both the control and HITOX structures
had the same three electron trap capture cross sections: 2x10 -4

cm2, 5x10 -7 cm2, and ixl0 -7 cm2 (approx. values). The two larger
capture cross sections are associated with electron trapping at
amorphous silicon clusters (the BOX is considered to be silicon
rich), and the smallest cross section is associated with network
defects within the BOX [25].

28



Table 4-1. Listed are the total occupied charge (electron
traps), the charge centroid, and the determined
electron capture cross sections for the SIMOX
standard and HITOX structures.

Vendor Process Trap Centroid Cross

Density Section

1/cm2  % down cm 2

11 -14 -17 -17

A C -3.x1O 50% lxlO , 7x10 , ix0

11 -14 -17 -17

A HITOX -9.4x10 43% 4x10 , 5x10 17, x0

12 -14 -17 -17

B C -1.2x10 39% 3x10 , 7x10 , 2x10

12 -14 -17 -17

B HITOX -1.6x10 42% 3x10 , 9x10 , 3x10
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SECTION 5

CONCLUSIONS

5.1 NOTEWORTHY RESULTS.

This work has compared the radiation induced charge trapping
response versus buried oxide thickness on various SIMOX buried
oxides. It has been observed that medium to thin BOX material
(<180nm) deviates from the square-law dependence for conditions
typical in actual applications. Increasing the applied field
(>=5xl05 V/cm), or allowing the BOX to charge saturate during
ionizing irradiation, returns the relationship to the square-law
dependence. These observations are explained by the influence
the applied electric field has during irradiation on the motion
of radiation induced holes within the BOX. The observed
inflection point was explained by the location and magnitude of
the radiation induced BOX charge centroid and its relationship to
BOX thickness.

In addition, this work has shown that the HITOX process causes an
increase in the electron trapping for a SIMOX buried oxide. The
increase can not be accounted for by changes in electron trap
capture cross sections, nor by the influence of interface
effects. Since these device electrical observables do not
explain the HITOX's increase in net electron trapping, then the
cause is likely an increase in trap generation resulting from the
kinetics of the HITOX/BOX growth. Thus, the observed difference
must be associated with the HITOX's process influence on the
formation of HITOX/BOX oxide.

5.2 SUGGESTIONS FOR FUTURE INVESTIGATIONS.

The work in the above effort dealt with typical device
application electric fields across the buried oxide (low fields).
A possible suggestion for future experiments would be to
investigate the saturation (high fields) total buried oxide
trapped charge (top & bottom interface shifts) for various
technologies (thin, thick, post-oxygen treated). The purpose
would be to evaluate how the various technologies behave. Do
thinner buried oxides (50nm - 200nm) trap more or less overall
charge than thick (340nm - 400nm) buried oxides? The concern
would be for a thin fully depleted technology where vertical
charge control is important. For this thinner technology charge
buildup at the lower (bottom, SiO 2/substrate) interface can be
detrimental to the charge control of the device building top
silicon film above. For the SIMOX technology to be of value in
low power application, this charge control concern will be of
importance.
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BPSG coated wafers, a key step in the compliant substrate fabrication procedure.
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1.1. Introduction

I.1.1. The Problem

Manufacturable High Temperature Superconducting Digital Electronics - Superconducting
electronics have long been regarded as having the potential for superior switching speeds and reduced
power consumption compared to semiconducting device families, however, the requirement for
refrigeration to temperatures near 4.2 K has been a major stumbling block to the commercialization of
low T, superconducting logic. High temperature superconducting (HTS) materials present new
opportunities for superconducting electronics.

At present there are very few Josephson HTS technologies which can be considered for applications
requiring a non-trivial number of high quality junctions. Among these are SNS junctions, where N
may be a noble metal' or a conductor compatible with HTS materials 2, bi-epitaxial junctions', and e-
beam written junctions.' It is fair to say that none of the existing HTS Josephson technologies have
fully matured, and much additional work is required to make them useful in applications. Because
many targeted applications of superconducting electronics rely on the high switching speeds attainable
by Josephson junctions, rf properties have played a significant role in the search for practical
substrates.

Silicon, quartz, sapphire and glass substrates are attractive substrates for HTS device technology due to
their:

Large size availability and low cost
Superior dielectric, thermal conduction, and strength properties compared to MgO or
the perovskite related substrate materials.
Compatibility with both VLSI silicon and HTS materials technologies through various
wafer bonding or ion-implantation fabrication procedures.

* Extensive preexisting technology base.
* Transparency from mid-infrared to microwave frequencies (at cryogenic temperatures)5

1.1.2. The Opportunity

HTS digital josephson technology for silicon and other rf compatible substrates- A method for
growing epitaxial thin films of YBaCu30 7 (YBCO) on silicon substrates and the demonstration of
YBCO Josephson junctions on silicon during this Phase I program bring the possibilities of practical
manufacturable, high performance superconducting electronics closer to reality. The adoption of
silicon as a substrate material raises the tantalizing possibility of a monolithically integrated
technology, combining the speed and power consumption of superconducting electronics with the
tremendous benefits offered by modem VLSI silicon technology. In addition to novel hybrid
applications involving integrated semiconducting and superconducting components, a Josephson
technology fully compatible with silicon substrates would find broad acceptance for most of the classic
applications of the Josephson effects6 including Superconducting Quantum Interference Devices
(SQUIDs), Josephson array oscillators, infrared detectors, Josephson mixers and heterodyne receivers,
digital logic, A to D converters, and millimeter/submillimeter-wave spectrum analyzers.

Developments in wafer bonding and etchback raise the additional possibility of developing a YBCO
technology for silicon, quartz or glass substrates with greatly reduced stress due to thermal expansion
mismatch during growth and cooldown. Applying these techniques could greatly improve the
performance of many rf components such as filters, delay lines and receivers as well as high speed
active Josephson components.



1.2. Summary of Phase I

Phase I was performed in three tasks with the following objectives:

Task 1. - Josephson Junction Fabrication and Testing: To verify the junction fabrication process on
silicon substrates, and to produce a set of junctions for electrical and statistical testing.
Task 2. - RSFQ Logic Modeling and Design: To design and simulate RSFQ circuit elements that can
be successfully fabricated and tested.
Task 3. - RSFQ Circuit Fabrication and Testing: To fabricate working HTS RSFQ logic elements
on silicon substrates.

The junction technology developed in Phase I was based on the electron beam modification technique.
To summarize briefly, thin Ytrria stabilized zirconia (YSZ) buffered HTS films were deposited on
silicon substrates, and patterned into narrow -4 Vm wide bridges. These bridges were then written over
by a narrow (-5 nm width) electron beam of high energy. The electron beam has the effect of
"damaging" the HTS material over a length comparable to the coherence length, forming a Josephson
junction. The electron beam writing process is believed to be associated with the formation of
displaced-oxygen/vacancy pairs in the crystal structure that locally disrupt the superconductivity.

The highlights of the Phase I accomplishments include:

Working Josephson junctions and SQUIDs have been fabricated on silicon substrates. The electrical
properties are similar to those fabricated on more conventional substrates such as LaAO 3.

A YBCO RSFQ rs flip flop with 14 junctions and I/O test structures was successfully designed,
fabricated and tested.

The kinetic inductance and London penetration depth of the films on silicon have been determined
from measurements of HTS SQUIDs on silicon.

An approach to alleviating film stress due to thermal expansion coefficient mismatch has been
outlined. The proposed solution involves fabricating a functionally graded buffer layer that
flows plastically to relieve film stress while at the same time, allows nucleation and growth of
heteroepitaxial films.

A wafer bonding facility was constructed at AFR and utilized to demonstrate the successful bonding of
silicon and BPSG coated wafers, a key step in the compliant substrate fabrication procedure.

1.3. Conclusions

The quality of the junctions in the exploratory Phase I program was sufficient to fabricate complex
HTS devices based on these junctions. However, several factors associated with the use of silicon as a
substrate emerged as technical barriers. HTS film thickness was identified as a particularly important
factor. It is necessary to minimize parasitic inductance in order to achieve high quality HTS RSFQ
circuits, and to do this thicker films will be required. The maximum crack-free YBCO film thickness
on YSZ-buffered silicon seems to be about 70 nm. The 25 nm films used in Phase I were adequate
for forming good junctions, as determined by the measurements of Shapiro steps, and the magnetic
modulation, but this is not good enough for complex circuits. To obtain the required thicker films,
without cracking, we have devised methods to use a compliant buffer layer on the silicon substrates.
This buffer layer, of a plastically deformable glass, would relieve the stress due to differential thermal
expansion between the silicon wafer and the YBCO, potentially allowing thick (>500 nm) crack-free
YBCO films. We have proposed in Phase II to pursue development of the deformable buffer layer
and e-beam junction technology to achieve stable, reproducible fabrication of devices using the ultra-
fast RSFQ logic family.
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II. Detailed Results and Discussion

For completeness, the background section from the Phase I proposal is repeated here.

11.1. Background From Phase I Proposal

The backround of the proposal is in three areas: i) HTS Josephson junction technology, ii) the RSFQ logic

family, and iii) HTS thin film fabrication on silicon substrates.

I1.F.1. HTS Josephson Junction Technology

Josephson junctions are the building blocks of any superconducting digital switching circuit. While a low-
T, niobium technology has a choice between hysteretic and nonhysteretic (latching - nonlatching)

Josephson elements, the HTS technology is limited to nonhysteretic elements. This in turn dictates a

choice of logic implementations, with Rapid Single Flux Quantum (RSFQ) logic at the top of the list in

terms of concept maturity, proven low - Tc performance and its potential for ultra-high data throughput.'
In this context, the nonhysteretic nature of HTS junctions is not a limitation; in fact quite the opposite'.
With low -T junctions, the main challefhge faced by this new digital technology is helium refrigeration
which is unacceptable for many potential users. Transfer to HTS circuits operating at temperatures above

20 - 30 K would go a long way toward the acceptance of this technology.

Electron beam modified junctions
Electron beam writing method - The method developed at Stony Brook consists of direct writing of

Josephson weak links on prepatterned HTS thin-film microbridges by a focused electron beam4 . In the
present Stony Brook junctions, 25 nm and 50 nm c,-oriented YBCO films, grown by theBaF 2 process'

on LaAlO 3 substrates, are patterned into 2-3 pm wide and 4 jim long bridges using standard
photolithography with PMMA resist and Br-methanol etching. A 1.5 nm electron beam of a Philips CM-
12 electron microscope with energy ranging from 20 keV to 120 keV and beam current 0.6 nA at 120
keV is scanned once across the microbridge, stopping at 2048 equidistant points, about 2 nm center- to-
center, for a preset dwell time between 0.1 s and 2 s. Preliminary studies using a much higher beam
current of about 10 nA, a 10 nm spot size and shorter dwell time suggests that the junction quality is as
good as with the small spot size and longer dwell time. It is likely that the writing speed of the Philips
CM-12 microscope can be increased to about 2 jim/min., i.e. one junction per minute, which will allow

the fabrication of multi-junction circuits of reasonably high complexity. Thus produced junctions can be

studied and utilized in circuits either as made , after e-beam writing,, or, more commonly, after a mild
stabilizing annealing at 330 K- 360 K. The purpose of this annealing is to slow down the drift of the

junction parameters at room temperature, and to adjust junction T and operating temperature to a desired

level.

Junction properties

Critical temperature - One of the big advantages of e-beam writing technology is that the most

important junction parameters such as T, I,, and, to a lesser degree, R can be tuned to the desired

values simply by changing the irradiation dose given to the junction or by adjusting the parameters of a
subsequent stabilizing anealing. For example, the T s from a few degrees K to 88 K can be obtained. The

best operating temperature for the e-beam junctions is of the order of (0.9-0.95) T, (see below). An
ability to change T implies an ability to choose the operating temperature. This is important if one needs

to adjust the operating temperature as may be dictated by design considerations, such as circuit tolerance

to the digital error rates.
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We further note that the T, vs. dose dependence shows a pronounced 60 K plateau, which is qualitatively
similar to the well known T vs. oxygen content dependence in YBCO. This is especially beneficial for

reproducible junction fabrication due to a weak dose dependence in the plateau region.

Current - voltage characteristics - At critical current densities J, up to 2x105A/cm 2, or 1, up to 0.2 mA

in 2 pm wide and 50 nm thick bridges, the junctions are perfectly described by the RSJ model with

thermal noise (see Figure 1). At higher j] there is a transition to flux flow I-V characteristics which can

be attributed to the transition from short (w<A.) to long (w>As) junction behavior. Temperature
dependences of / and normal resistance R can be inferred from the RSJ fit. Figure 2 shows Jc as a
function of reduced temperature TT for junctions with different Ta's. The last point on each curve
roughly correspondsto the boundary of the RSJ behavior. At 77 K the IR product for e-beam junctions

is in the range of 0.2 mV - 0.4 mV.

V 500;
T=74.6 X 71.5< / 69.9K / K

' '/ '/ rc=88 ," 4oo"............... ...... ...........................................

/7. Tc=88K/ /

./ / '30. . .-7

,3 I Tc=77 K

/ /7o z i '

4/" 1 . Tc=60 K

ii / / ~ ~ 2001 T=0/ Ic

°00 _ _ 04 . 0 'B.5O~ 0

. 0.8 0.85 0.9 0.95
CtrSIENT. = IM TME .RT" T'Tc

Figure 1 Current-Voltage characteristics of e-beamF Figure 2 Temperature dependences of the critical
junctions at different temperatures. Lines indicate current density of e-beam junctions with different
fits to RSJ model with fluctuations critical temperatures..

Electromagnetic properties - It is well known that the magnetic field modulation of the Josephson
critical current serves as a fine characteristic of the junction uniformity, which in turn implies good noise
characteristics. Perfect magnetic field modulation can seldom be seen in the literature on HTS junctions.

The e-beam writing technology has great potential in this respect. For j, in the RSJ range (see Figure 2
and the discussion in the previous paragraph,) the magnetic field modulation of the critical current for our
junctions is almost perfect (see Figure 3). At higher critical current densities, the modulation is not

complete since the junctions are in the long junction regime.

Under microwave irradiation, the e-beam junctions show oscillations of the critical current with
microwave power according to the RSJ model and Shapiro steps to high order (Figure 4), once again
indicating the high quality of the e-beam junctions. The measurements of junction noise we are currently
performing show that the high frequency noise is of purely thermal nature. Low frequency (1Hz - 10 Hz)
noise of our junctions at 77 K shows the usual 1/f component and is also low compared to most HTS
junctions.
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Figure 3 Magnetic field modulation of the critical Figure 4 Oscillations of the Josephson critical

current. current in a 10 GHz microwave field.

We conclude that the e-beam writing technology enables fabrication of high quality HTS Josephson
junctions suitable for digital applications. The key issue to be addressed in this proposal is the
applicability of silicon for HTS digital applications.

Fabrication issues

On - chip uniformity and reproducibility - Based on our present experience with the e-beam junctions,
we are reasonably confident that uniformity and reproducibility will not be a problem. Nevertheless, they

should be addressed and evaluated in the context of a multi-junction technology on silicon substrates. The

main issues of importance are:

* uniformity of the initial HTS film;

I,, R., and IcRn product spreads on a chip

* run-to-run reproducibility for various writing conditions;

* uniformity after the stabilizing annealing

11.1.2. RSFQ Circuits

We will use the e-beam junctions to implement simple digital circuits of the RSFQ family, which use
single quanta of magnetic flux to code digital bits] Theoretical estimates and experiments with LTS
(Nb trilayer) circuits of this kind indicate that this family can be used for ultra-fast processing of
digital information, with very low power consumption, dc power supply, and convenient option of
self-timing. These features make the RSFQ technology very promising for several application niches in
instrumentation, radars, communications, and high-performance computing.7 The first attempts to
implement the simplest HTS RSFQ circuits were, however, either not conclusive9 or confined to
helium temperatures due to use of a LTS ground plane.10

We believe that the major challenge here is a necessity of quantitative circuit design (which was
lacking is the previous work"-,). In fact, due to operation at higher temperatures the HTS RSFQ
circuits should use Josephson junctions with proportionally higher critical currents to avoid thermally
activated errors. Higher currents imply lower inductances (L-odlc<T - 1) which may have to decrease
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to the values below I pH in some cases. Present-day HTS integrated circuit technologies are still
confined to 1 - 2 superconducting layers, making reduction of the inductances and their calculation for
a given layout a very complex task involving 2D and 3D magnetic field modeling.

11.1.3. HTS Thin Films on Silicon:

The "conventional" HTS compatible metal oxide substrates such as SrTiO3 and LaAlO3 are
problematic for high frequency applications. Large epitaxial quality metal-oxide wafers are typically
expensive and difficult to acquire. The dielectric constants of these materials tend to be large (er
between 25 and 1000), lossy, with strong temperature dependence and substantial sample to sample
variability. The electronic properties and defects of these substrate materials are quite poorly
understood. These factors make it extremely difficult to develop high performance HTS components,
and these difficulties will translate at best into higher cost and lower yields in a manufacturing
environment. High quality Josephson junctions have so far only been achieved on a handful of
expensive, lossy and mechanically fragile oxide materials (the previously mentioned LaAIO3, SrTiO 3

and related perovskites being the most notably

The absence of an inexpensive substrate material good high frequency properties and a compatible
HTS Josephson junction technology is a serious obstacle for high speed digital applications of
Josephson junctions.

The most promising substrate material for integrating HTS and semiconducting devices is silicon. A
process for growing high quality epitaxial HTS films on buffer layers on silicon has been
developed 3',4 and is utilized routinely at Advanced Fuel Research for its work in bolometric infrared
detectors. A facility for growth of the HTS films on Si wafers, originally developed at Xerox
PARC 13, was established at AFR, Inc. in early 1991. The method used is the technique called pulsed-
laser deposition (PLD). Our work centers on the most common electronic thin-film HTS-application
material: YBa2Cu30(7.d) or YBCO. Silicon wafers and Si compounds react chemically with YBCO at
film growth temperatures' 5, so a buffer layer of yttria-stabilized zirconia (YSZ) is first grown
epitaxially on the Si wafer surface. Preparation of the fresh Si surface must also be included in the
process, since all Si surfaces are coated with a native oxide that typically degrades epitaxy unless it is
removed by chemical or thermal treatment.3"6 The facility depicted in Figure 7, epitaxial YBCO
films on the YSZ-buffered Si (i.e., J-3xl06 A/cm 2).

11.2 Task 1 - Josephson Junction Fabrication and Testing

There were three areas of activity in this Task: 1) improvements to the Pulsed Laser Deposition
(PLD) facility to achieve HTS films suitable for junctions, 2) patterning and testing the films and
junctions, and 3) developing methods for overcoming films stresses so that thick films can be formed.

11.2.1 Improvements to the PLD Facility

During the course of fabricating working junctions and SQUIDs from thin YBCO films fabricated on
silicon substrates, it was observed that the junctions were not well matched in critical temperatures.
This non-uniformity was primarily attributed to non-uniformities within the films. To improve the film
uniformity, and to accomodate the demands of other projects, we built a new substrate heater-for the
deposition system to provide more uniform temperatures over larger substrate areas. The new heater
was built to allow deposition onto 12 mm square chips, which can subsequently be diced into four 5-
mm square chips. With this arrangement, it is possible to fabricate and test many more junctions
from a single deposition and gather more and better statistics on junction properties.
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Figure 5 Equivalent circuit of an RSFQ structure comprising two input DC/SFQ converters,
two JTLs, RS flip-flop and output SFQIDC converter.
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Figure 6 Single-layer layout of the RSFQ circuit shown in Figure 5. Minimum line width is 2
jim. Solid lines across the bridge denote e-beam junctions successful)
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Figure 7 Schematic view of the AFR pulsed laser deposition system.

Two films of YSZ buffered YBCO films were grown on silicon substrates and sent to Professor
Gurvitch's laboratory at SUNY at Stony Brook. The films were tested for resistance vs
temperature (see Figure 8) and displayed excellent (< 2 K) transition widths. Work there is
currently underway at Stony Brook to fabricate Josephson junctions.
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Figure 8 R vs T of YBCO Film to be processed into junctions.

The film had good superconducting qualities as determined by resistance Vs. temperature
measurements at AFR and was shipped to Stony Brook for junction fabrication. The film was
etched into three bridges approximately four microns across and measured again for resistance
vs temperature Unfortunately, the no supercurrents were detected. Two of the junctions were
highly resistive at all temperatures, and the third showed a partial transition at 90 K, but retained
a residual resistance of 400 Q below the superconducting transition temperature of the film.
The R vs T for the bridge is shown in Figure 9.
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Figure 9 R Vs curve for a microbridge patterned from a YBCO film on YSZ buffered silicon
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The rest of the unpatterned film was remeasured using silver paste dots as contacts to determine if the
entire film was bad. We found that the film was still superconducting with a T, of 89 'C. From this
we conclude that either the patterning process damaged the bridges, or that the film was sufficiently
non-uniform that the bridge was traversed by some completely non-superconducting regions or grain-
boundaries.

In order to demonstrate that the process was viable, we processed and earlier film of YBCO on YSZ-
buffered silicon into working Josephson junctions in April of 1994. The Josephson behavior of this
device was established by measuring microwave induced Shapiro steps, magnetic modulation of the
critical current. These results are shown in Figures 10 and 11.

Figure 10 Microwave induced Shapiro steps in the current voltage characteristic of an E-beam
modified Josephson junction fabricated from YBCO on YSZ buffered silicon. The data were
measured at 52 K.

A new film of YBCO on YSZ-buffered silicon prepared with the improved PLD system was fabricated
into working Josephson junctions and a SQUID.

Two SQUID's were fabricated. SQUID RI did not exhibit any magnetic field modulation, although the
shape of the current-voltage (IV) characteristic was RSJ-like. This SQUID exhibited clear microwave
induced Shapiro steps in the IV curve. Figure 12 shows the dc IV curve of this SQUID. Figure 13
shows Shapiro steps in the IV curve of SQUID RI (at 54 K) as induced by a 10.2 GHz microwave
source. This SQUID had a resistance of approximately 0.4 s.

SQUID RI was fabricated by e-beam modification using a beam dwell time of 600 ms, and 2048
dwell points. These conditions usually give T, of -50 K, but in this case, T. for the SQUID was -61 K.
This is probably due to inhomogeneity in the film, which could result in significantly different critical
temperatures between the two junctions of the SQUID. If one of the junctions was completely non-
superconducting, then we would expect the structure to display the observed behavior.

SQUID R2 showed both SQUID-like magnetic interference and microwave induced steps in the IV
curve. Figure 14 shows an SEM image of this SQUID. Figure 15 shows the dc IV curve for this
device at a temperature of 40 K. Figure 16 shows the IV curve under the influence of 10.2 GHz
microwaves. Note the existence of pronounced Shapiro steps. Figure 17 shows the magnetic
interference pattern of SQUID R2.
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Figure 11 Magnetic field dependence of the critical current fo an E-beam modified Josephson

junction fabricated from YBCO on YSZ buffered silicon.

11.2.2. Compliant Buffer Layers

During the course of studying the various parameters which impact the performance of RSFQ devices

in Task I, we identified excess parasitic inductance as a significant hurdle for RSFQ fabrication. The
dominant contribution to parasitic inductance is the kinetic inductance. This scales inversely with

thickness, so it is advantageous to be able to grow thicker films. This is, however, a problem for
YBCO films on silicon. The different thermal expansion coefficients of the HTS thin film and the

silicon substrate results in the accumulation of tensile strain in the film during cooldown. This causes
cracking for films thicker than about 70 nm. A method to deposit thicker films on silicon would be

highly desireable, particularly if it did not require the use of buffer layers with inordinately high

dielectric constants. We are developing a new type of buffer layer that can relieve strain between film

and substrate by plastic deformation. This development, if successful will be a significant

breakthrough for HTS on Silicon technology by essentially eliminating both stress induced cracking
and parasitic kinetic inductance. The buffer layer consists of a thin film of a soft glass situated

between the silicon substrate and the YSZ/YBCO bilayer. The soft glass film will be chosen to have a

strain annealing temperature well below the growth temperature. The structure is shown in Figure 18.

The fabrication of the buffer layer will involve the processes of film deposition and wafer bonding.

During cooldown, as the film cools down, the HTS and YSZ layers can contract faster than the

substrate, and the glass film will accomodate the strain by deforming viscously, until the substrates

cool below the glass strain point.

Near the end of this Phase I research, we began preliminary work to fabricate this compliant buffer

layer on a silicon substrate. We obtained silicon wafers coated with boron-phosphorus-
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Figure 12 Current-Voltage characteristic of SQUID RI at a temperature of 61 K.

Figure 13 Microwave induced steps in the current voltage characteristic of SQUID RI at a temperature

of 54 K.
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Figure 14 SEM micrograph of SQUID R2.

Figure 15 DC IV curve of SQUID R2 at a temperature of 40 K.
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Figure 16 IV curve of SQUID R2 at T = 39 K, under the influence of 10.2 GHz microwaves.

A1i=50A

Figure 17 Magnetic interference pattern of SQUID R2 at 32 K.
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Figure 18 Schematic of plastic buffer layer fabrication process. After growth, deformable glass
buffer film layer relieves strain of thermal expansion mismatch by plastic deformation.
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silica glass with a strain annealing temperature around 500'C, and constructed a low cost wafer-
bonding facility. This facility consists of two small vented acrylic cabinets for manipulating and
cleaning samples. The work area is curtained off with polyethylene plastic, and maintained at positive
pressure with a filtered blower. Initial efforts to bond two Si wafers together were successful. The
process followed was to clean the wafers with conventional techniques to strip the native oxide,
followed by formation of a new oxide layer, which provides a hydrophilic surface. These wafers are
put together wet, and then dried for 24 hours, followed by a 1-2 hour anneal at 700'C. This bonded
structure seems to be well bonded, and indicates that our facilities are sufficiently clean and dust-free.

We next applied this technique to bonding a BPSG (boro-phosphate-silicate glass) coated Si wafer to
a SIMOX wafer (Si wafer with a buried oxide layer). The BPSG coating is the desired compliant
material, and the buried oxide will serve as an etch stop for removing the Si. This resulted in an Si
substrate wafer with a BPSG-Si-SiO layer on top. We were able to achieve a good mechanical bond
between the two wafers, but the etching process to remove the Si were unsuccessful due to lack of a
sufficiently good way to protect the BPSG wafer.

A third experiment used a BPSG-coated Si wafer bonded to a YSZ coated Si wafer. Again, a good
mechanical bond was obtained, and again the attempt to etch the Si on the YSZ failed. The goal was
to provide a Si substrate with the compliant BPSG layer overcoated with the YSZ. This, then, would
be the desired substrate on which to grow the thick films of YBCO. We feel confident that
refinements in the etching procedures will allow this technique to be successful in Phase II.

11.3 Task 2- RSFQ Modeling and Design

Early in the program, we identified parasitic inductance as a critical parameter governing the margins
and performance of HTS RSFQ devices. Thermal expansion mismatch induced stress limits the
overall thickness of HTS films on silicon substrates to under 70 nm. Because this thickness is less
than the london penetration depth, typically 150 nm - 400 nm, we expected a substantial kinetic
inductance to be associated with wiring and transmission lines. The kinetic inductance associated
with the Josephson junctions themselves is still poorly understood.

Because of the importance of inductance to overall circuit performance, we fabricated and measured
(Task 3) some dc SQUIDs and RSFQ flip flops incorporating SQUIDs.

The estimated sheet parasitic kinetic inductance is given by the formula Lsq=L 2/d, where XL is the
London penetration depth, d is the film thickness (d<<L) and the current distribution is assumed to be
uniform. The total loop inductance in a dc squid can be extracted from the magnitude of the magnetic
field induced critical current modulation. We performed measurements on a SQUID fabricated from a
25 nm thick film grown on an LaAIO 3 substrate by the barium fluoride process. The inductance
calculated over a wide temperature range are plotted in Figure 19. Similar results for a much smaller
SQUID imbedded in an RSFQ flip flop are also shown in the figure.

The temperature dependence to the sheet inductance is a signature of substantial kinetic inductance.
Since kinetic inductance negatively impacts circuit performance, it is essential that careful quantitative
account of all sources of inductance be included in circuit design efforts.

The results indicated that kinetic inductance would be a significant hurdle to the success of HTS
RSFQ devices, but that, at least for the purposes of Phase I, the inductance was low enough to
proceed, and as discussed in Task I, we developed methods to allow the fabrication of thicker films in
Phase II.
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Based on these preliminary measurements and analysis, a more detailed analysis of kinetic inductance
was pursued. All RSFQ logic elements depend on maintaining a balance between the Josephson
inductance and the SQUID loop inductance such that 21nILz .0 , where 0= h/2e is the elementary
flux quantum. 4, is equal to 2.07 mA-pH in practical electrical units. The exact relation between Ic
and L is determined by design simulations of a particular logic gate. To ensure that thermal
fluctuations do not cause bit errors, the thermal energy unit KT must be small compared to the
energy scale of the Josephson junction, which is given by E, = 00Ic /2 . Setting KBT = 10 E, , we
get the result that thermal fluctuations limit the minimum critical current I to be at least 38 p-4 at 90
K. In order that the inductance's can effectively store and process single flux quanta properly, the
SQUID inductance is therefore required to be at most L = 0/(2n Ic) = 8.6 pH. Typical inductance
numbers for coplanar transmission lines are of the order of 0.5 pH per micron. This implies that
careful device design simulations and circuit layout will be required for success. Achieving control
over the inductance requires that proper account be taken of all sources of inductance in the SQUID.
For this reason, the analysis of the above SQUID results was continued. Assuming that the SQUID
modulation depth is entirely due to inductance and not critical current nonuniformity, we found that
the low temperature London penetration depth XL(O) was 370 nm. This is approximately two times
higher than what is expected for high quality films. The results under discussion were obtained from
films grown by the post-annealed barium fluoride process. It is not surprising that these post-annealed
films were of lower quality than films grown in-situ by pulsed laser. If our films on silicon are
comparable to PLD grown films on oxide substrates, then we should see approximately a two-fold
decrease in penetration depth and a concommittant four-fold decrease in parasitic inductance. If this is
born out, then we expect that functional RSFQ logic elements will be possible even with films as thin
as 60 nm.

Parasitic inductance - Very thin film transmission lines have two components to the inductance.
First, is the more familiar geometric inductance, which arises from the energy stored in the magnetic
fields surrounding and penetrating the conductors. Second, is the kinetic inductance, which is often
considered a parasitic quantity. The kinetic inductance arises from the kinetic energy of the current
carrying cooper pairs. For very thin films, the sheet kinetic inductance is given by !IXL

2/t where XL is

the London penetration depth and t is the film thickness. Using 370 nm for XL at low temperatures
and t = 5.70 nm we have a parasitic kinetic inductance of 3pH/n at low temperatures. As T
approaches Tc, the London penetration depth diverges, and the parasitic inductance increases as well.
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All this implies that thicker films are more desirable from an inductance point of view, and that
methods to allow thicker films on silicon would be extremely helpful. At present, film stress provides
the main limitation to film thickness. This is one of the reasons why we are examining the roles of
new buffer layers in reducing film stress.

SQUID R2, discussed under Task 2 (Figure 17), exhibited magnetic modulation of the critical current
only at temperatures at least 7 K below the critical temperature of the SQUID. This suggests that one
of the junction had a higher T, of 45 K, and the other had a T, around 37 K. The magnetic modulation
was measured by injecting current across the SQUID loop, between terminals one and three as shown
in Figure 14. For this geometry, the inductance is given by L o/AI,, where Al, is current amplitude
associated with one oscillation of the SQUID. From the measurement shown in Figure 17, we infer
that the inductance is approximately 40 pH. This value is approximately a factor of two higher than is
typically seen with SQUID's fabricated on conventional i.e. LaAI0 3 substrates. This difference in
inductance is likely due to parasitic kinetic inductance associated either an increased magnetic
penetration depth, or possible to microstructural defects in the film used for the SQUID.

11.4. Task 3 - RSFQ Circuit Fabrication and Testin2

In order to proceed with this Task in parallel with Tasks I and II, we fabricated dc SQUIDs and an
RSFQ flip flop incorporating several SQUID's made using the AT&T barium fluoride process on
LaA10 3 substrates. The YBCO films were 25 nm thick. The magnetic field dependence of the critical
currents and the modulation depth as a function of bias and temperature were measured. Figure 20
shows the current modulation depth as a function of bias voltage for a SQUID imbedded in an RSFQ
flip flop at 66 K. The measurements show nearly a 50% modulation in current at low bias voltages,
an encouraging result.

max
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0 1

0 5 10 15 20
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Figure 20 Measured modulation depth of a thin film HTS SQUID in an RSFQ logic element. (AB-2)

Based on the results obtained from this film, a working RSFQ circuit with 14 junctions was
successfully fabricated and tested, using a YBCO film grown on a lanthanum aluminate (LaAIO3)
substrate. This result is significant because it demonstrates that:

I) the junction technology is sufficiently controllable to manufacture circuits with a significant number
of junctions (14 junctions),
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2) The circuit design was correct and the film and junction properties e.g. kinetic inductance and

critical currents, were within the specified operating margins for successful circuit operation.

3) Correct pulse driven RSFQ logic operation can be successfully verified through dc testing.

The details of this circuit, its preparation and its operation follow:

Direct e-beam writing technique (DEW) was used for preparation of an RSFQ RS Flip-Flop on
YBCO thin film operating at 26K.

The most important unique features of the DEW technique instrumental for successful
operation of RSFQ circuits are:

1) tunability of the critical temperature T, (and hence the critical current I at an operating
temperature).

2) simplicity of the in-plane two-dimensional design combined with the freedom in the
arrangement of the junctions.

Technology

Layout of the circuit under investigation was shown in Figure 6. It was made of 500 A YBCO film
deposited on LaAlO 3 at AT@T Bell Labs by Shang Hou. After the deposition the wafer was diced
into 5x5 mm chips, which were then used for patterning. The patterning was done by standard optical
lithography with PMMA resist. YBCO film was wet-etched in diluted HNO3. Figure 21 shows the
final pattern with the minimal feature of 2 tim. Then the junctions were made by DEW in the places
shown in Figure 6 as straight lines across the bridges. Electron beam of CM-12 Philips Electron
Microscope was scanned once across a bridge to form a weak link. The parameters of the beam were
as follows: energy E=120 keV, probe size 35 A, beam current 5 nA. T, of the junctions after writing
was approximately 35 K.

Operation of the RSFQ RS Flip-Flop

Figure 5 shows the equivalent circuit of the RS Flip-Flop used in the experiment. Below we
give a brief description of how it works and then demonstrate its operation at 26 K.

The circuit has a left-right symmetry and consists of four main parts (see Figures 5 and 6).

1. DC/SFO converter (J], J2). Current IL opens J2. As a result the fluxoid starts moving to the right
by the driving current 12 and antifluxoid to the left. The latter is trapped in the first hole and then
comes out of the circuit through J1 when IL is decreased.

2. Transmission line. The fluxoid keeps moving along the transmission line through the junctions J3

and J4 by the driving currents 13 and 14.

3. RS Flip-Flop. (The main cell of the device). Finally the fluxoid gets into the loop J6L, J6R and
stays there in the absence of a driving force.

4. SFQ/DC converter (J7L and J7R). It serves as an output of the Flip-Flop. It detects the flux in the
lower loop cell. State "I" corresponds to the state when one fluxoid is trapped in the
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lower loop which results in the corresponding voltage in the upper SQUID when it is biased by some
current higher than its critical current. State "0" corresponds to the absence of a fluxoid in the lower
cell. This is achieved by applying current IR to the right part of the device. It generates an antifluxoid
which moves to the left and annihilates with the previously trapped fluxoid in the main cell. If IL
generates the fluxoid and the Flip-Flop is currently in the state "1", junction J5 opens and the fluxoid
leaves the circuit without disturbing the state of the Flip-Flop. The same is true for the antifluxoid.

Experimental Setup

The chip was installed on a 24 contact probe and placed in a transport helium dewar. Temperature was
stabilized by a Temperature Controller (Lake Shore). Measurements were carried out using an
automated testing setup which had been developed at Stony Brook. Its hardware part is an advanced
version of the system developed earlier at NIST. The setup consists of three main parts: a cryoprobe
with passive LF filters located in a transport dewar, a set of 48 ADCs and 48 DACs, and IMB PC
running Octopus software. Octopus was used for all low-frequency analog and digital experiments with
High-T, RSFQ RS Flip-Flop. Octopus is a TCL interpreter extended to have low-level access to the
buses and system timer. It can display real-time analog data, acquire I-V curves and perform various
kinds of digital testing. One of the elementary operation used for testing the high-Tc RSFQ RS Flip-
Flop is sending a test pattern to the tested circuit and verifying its response.

Experimental Data

The experimental procedure for testing the RSFQ RS Flip-Flop was the following.

1. The operating temperature 26 K was chosen so that the critical current of the SQUID was 50 p.A.
At this critical current the maximum voltage modulation depth was 12 pV.

2. Transmission line was biased by currents I2L(R), 13L(R), 14L(R) equal to 0.1 mA each. This value
corresponds to approximately half the value of critical current of each junction in the transmission line.

3. The SFQ/DC converter was biased at 65 pA and magnetic currents IB5L-IB5L were chosen to
have maximum voltage difference between state "0" and "I".
4. The current IL was applied and voltage V, on the SFQ/DC converter was measured while

increasing IL. At some value of IL there appeared a jump in Vsq (Figure 22a) which corresponds to
fluxoid entering the main loop ("record" or "flip"). Stability of state "1" can be checked by once more
increasing IL to make sure that there are no other states (Figure 22b).

5. To switch the device from "I" to "0" current IR was applied and at some value there is a jump in
Vsq from "1" back to "0" state ("erase" or "flop", Figure 22c). Figure 22d shows a proof that the
device is still in state "0".

To eliminate direct influence of the currents IL and IR on the SFQ/DC converter and Flip-Flop we
applied an additional small differential current between IB5L and IB5R proportional to the currents IL
or IR to compensate leakage current from the input. The coefficient of proportionality give us an exact
value of the leakage current which was approximately 5% of the input currents IL and IR. This
procedure fixes a set point of SFQ/DC converter during all measurements. This fact completely rules
out the possibility of switching SQUIDS due to the leakage current.

Operation of the flip-flop is demonstrated in Figure 23. A sequence of digital double current pulses is
applied to IL and IR and switches the flip-flop to states "0" and "I" respectively. It can be seen that
the first pulse from II sets the flip-flop ("I") and the second IL pulse does not
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change the state of the flip-flop. The pulse IR resets the flip-flop ("0"), etc. The noise is characterized
by the width of the corresponding voltages Vw.

Additional experiments proved that the device was indeed operating as an RSFQ flip-flop, that the
Josephson transmission line inputs circuitry was operating as expected, and that the switching
thresholds and statistics were reasonable.

1. Analog data pattern:

The operation of the flip-flop is demonstrated in Figure 24 by applying digital current pulses
to IL and IR (IBL and IBR) to switch the flip-flop to state "1" and "0" respectively; analogue voltage
signals V are measured. in the main SQUID loop.

Signal/noise ratio corresponding to the readout pulse is approximately 20. The test sequence is
as follows. First, a double pulse is applied to IL the s (set) input to the rs flip-flop. The first pulse
switches the flip-flop to state "1" (high V,,). The second pulse is applied to make sure that this is
stable. Next, another pair of pulses is applied to IR (the r or "reset" input). The first pulse resets the
flip-flop to the zero state (Vou, low )as shown in the top trace. The second pulse demonstrates that this
state is also stable.

2. Derivatives of the bias currents:

To prove beyond any doubt that the RSFQ works the way it should we conducted another
series of experiments. We need to show that DC/SFQ converter operates properly; junction J2 opens
and the flux starts moving along the transmission line (through junctions J3 and J4) until it is trapped
in the main loop of the device.

In order to do that we measured the change in the values of IBL (IL) and IBR (IR),
corresponding to the change in the respecting bias currents IB2L, IB3L, 1B4L etc. (partial derivatives).
The results are shown in Figure 25. We found that the bias influence is the strongest on the current
IB2L, which means that indeed it is this junction that reaches threshold and switches when you apply
the current to IL. We obtain the same result for IR as well (for junction J2R). The experimental
values of these derivatives do not differ much from the results of the computer simulation (using
PSCAN software).

3. Thermal noise distribution of the value of the current IL (IR) (position of the jump).

In order to check the reliability of the device and the influence of the thermal noise we studied
a few hundred cycles ("0"- "1"; "1" - "0") and measured the distribution function of the values of
IBL (IBR) at which the flip-flop operates. Figure 26 shows the resulsts of 100 cycles. The first
conclusion we can come to is that it worked 100 times out of 100.

More importantly the distribution function has the right shape - it is not quite symmetric - and
can be very well fitted by a theoretical formula for thermal fluctuations with the mean deviation of
IBL approximately 0.010 mA (for this device configuration). The experimental value is approximately
0.015 mA.
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Abstract
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JSEP ANNUAL REPORT

March 1, 1995 - February 29, 1996

Introduction and Overview of Principal Accomplishments
This annual report covers research accomplishments for the period 1 March, 1995 through 29

February, 1996 for basic electronics research conducted in the JSEP program in the Electrical

Engineering Department of Stanford University. The Stanford Electronics Lab JSEP Director and

Principal Investigator is Professor James Harris. The program work units are as follows:

Unit 1: Investigation of Transport in Quantum Dots

(James S. Harris)

Unit 2: Patterned Thin Film Media for High Density Magnetic Recording

(R. Fabian W. Pease)

Unit 3: Investigation of a Metal Source and Drain Field Emission Transistor

(C. Robert Helms)
Unit 4: On-chip Thin Film Solid State Micro-battery

(S. Simon Wong)

Unit 5: CVD Epitaxial Germanium n-channel FETs Formed on Si using

Strain-relief Layers

(Krishna Saraswat)

Unit 6: Portable Video on Demand in Wireless Communication

(Teresa H. Y. Meng)

Unit 7: Adaptive DFE for GMSK in Indoor Radio Channels
(John M. Cioffi)

Unit 8: Robust Estimation Methods for Adaptive Filtering

(Thomas Kailath)

Unit 9: Efficient Data Compression

(Thomas M. Cover)

Highlights

In work unit 1, Professor Harris and students have developed the nanofabrication techniques

for large (200X200) arrays of 100nm quantum dots and demonstrated the first Coulomb blockade

and hysteretic switching behavior in such large arrays. This work represents a significant advance

in nanofabrication and demonstrates the robustness of Coulomb blockade compared to quantum

interference effects.
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In work unit 2, Professor Pease and students have demonstrated and characterized (with

Magnetic AFM, alternating gradient magnetometer) magnetic thin film recording media patterned

into deep submicron islands for improved density (>12 Gbytes/sq. in.) and lower transition noise.

One medium was Polycrystalline Co 20nm thick on Cr which exhibited 1 bit/i domain/i island for

dimensions less than 150nm. Another medium was single crystal iron film which, when

patterned, demonstrated single domain/island behavior for large (1-micron) islands. Magnetic

anisotropy in the iron films was dominated by crystalline orientation which allows us to decouple

the magnetic direction from the shape of the island; this is valuable for applications involving

horizontal recording.

In work unit 5, Professor Saraswat and his students are developing a technology to fabricate

high-performance n-channel heterostructure field-effect devices using germanium-rich GeSi grown

via graded-alloy strain reduction on (001) silicon substrates. The goal is to combine the high

intrinsic electron mobility of germanium and the carrier confinement available with band-structure

engineering in the Ge-Si system. Success with the use of graded-alloy epitaxy to isolate the defects

associated with the transition between silicon and germanium lattice constants has been achieved.

In work unit 6, Professor Meng's group focuses on low power communications problems.

They have developed an energy-on-demand computation system which dynamically adjusts the

supply voltage to meet the throughput requirements. A DC-DC switching regulator has been

designed that delivers a power-conversion efficiency in excess of 90-percent with tracking speed of

under 1 ms. The regulator supplies power ranging from a few mW to several hundreds of mW for

all supply voltages of interest. A second effort has produced a real-time, low-power video encoder

for pyramid vector quantization (PVQ). This system dissipates only 2.1 mW for real-time video

compression of images of 256x256 pixels at 30 frames per second. Applying this quantizer to

subband decomposed images, the PVQ encoding delivers better compression performance than the

standard JPEG algorithm.

In work unit 9, Professor Cover and students have been investigating the degree to which one

can compress images without recognizable distortion. The experiment involves comparison of

human vs computer image compression to estimate the minimal rate at which images can be

compressed without perceptual distortion. This work is providing a new method for

benchmarking data compression algorithms and may lead to a framework to develop entirely new

algorithms.

Transfer of Technology

The research results emanating from the JSEP program are usually of either a more

fundamental nature or so early that it is not in the vision of more applied programs. Not too

surprisingly, such work does not typically lead to instant transfers to industry. However, one
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hopes that more fundamental work ultimately has a greater impact because it leads to things that

simply would not have been done if left to only research programs with nearer term, clearly

identified needs. The transfers of technology described below are thus the result of JSEP

supported programs of 5-10 years ago.

Research into the engineering of silicon nanopillars in Professor Pease's JSEP program has led

to new insights into the oxidation of silicon under high stress, confined geometry conditions. As

Si ULSI continues to shrink, such high stresses are quite important. The results of this research

are now being incorporated into SUPREM process models being developed to simulate the

processing of next-generation, ultra-small geometry ULSI circuitry.

An essential element in manufacturing high performance AMLCDs is the ability to fabricate

TFr driver circuits and integrate them with the liquid crystals on glass substrates. However, the

high temperatures and long thermal cycles generally needed to obtain high performance TFs cause

warpage and shrinkage to glass. As a result, fabrication processes are limited to low temperatures

and short times. Early work of Professor Krishna Saraswat funded by JSEP and subsequently by

DARPA demonstrated high performance TFTs in poly-GeSi with low thermal budget processing,

compatible with glass substrates. He demonstrated significantly lower processing temperatures for

deposition, doping, recrystallization, and grain boundary passivation. Several novel device

structures have been developed to improve TFT performance, such as, increased drive current in

the "on" state and reduced leakage in the "off' state. He is actively working with XEROX and

Intevac to transfer this technology and several major organizations around the world are now

developing the poly-GeSi TFT technology which originated under JSEP support in his laboratory.

The early JSEP work demonstrating the first MBE growth and growth induced layering of the

high temperature superconductors by MBE in Professor Harris's program is the basis for the

continuing high T, program at Varian Associates. The focus of their effort is MBE growth induced

layering of alternate superconducting and insulating phases to produce well controlled Josephson

junctions.

One of the key problems facing modem ultra-high bandwidth communications systems is how

to handle the final 100 meters where information delivery is to only a single receiver and the costs

of high bandwidth solutions can no longer be divided by a large number of receivers. The early

JSEP supported research under Prof. John Cioffi led to the development of the "Discrete

MultiTone" (DMT) technology that is now an international standard (ANSI T1.413) for both video

transmission and high-speed intemet access on twisted pairs, in what is known as Asymmetric

Digital Subscriber Lines (ADSL). Stanford holds 4 patents in the area that are exclusively licensed

and sublicensed by Stanford to a DMT-spinout, Amati Communications Corporation. Amati has

sublicensed the DMT patents to a number of semiconductor and telecom manufacturers around the
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world, including Motorola, Northern Telecom, and AT&T (now Lucent Technology). Amati

builds products based on the DMT technology and has been extremely successful.

The early JSEP supported work of Professor Tom Cover is now being utilized in many of the

WWW browsers. One of the issues is do you wait for all of the information to be supplied serially

or do you send information at various levels of refinement so that the description efficiency is

optimal at each level ? The idea is to utilize methods of successive refinement to quickly produce a

rough picture, then successively more refined pictures until the final version is produced. This

work was first described in the paper, "On the successive refinement of information", W. Equitz

and T. Cover, IEEE Transactions on Information Theory and is now used by Netscape and many

others. Will Equitz was asked by IBM to help write the JPEG data compression standard for

progressive transmission based on this work.
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UNIT: 1

TITLE: Investigation of Transport in Quantum Dots

PRINCIPAL INVESTIGATOR: J. S. Harris, Jr.

GRADUATE STUDENTS: D. R. Stewart and C. I. Duruoz

1. Scientific Objectives

The continuing drive for increased device density in both IC and memory technologies

demands smaller and closer packed future devices. We are pursuing an investigation into the

electronic transport in both single quantum devices and large arrays of densely packed quantum

dots. A full understanding in both regimes will be required in any successful implementation of

single electron electronics. In particular, most studies of quantum devices have concentrated on the

very low bias equilibrium behavior [Beenakker][Kouwenhoven]; we concentrate instead on the

technologically relevant non-linear high bias operating regime.

We have two main objectives: first, to understand the mechanisms controlling electron

transport through single quantum point contacts and quantum dots and second, to study the
fundamental characteristics of coulomb blockade and charge coupling in transport through quantum

dot arrays.

2. Summary of Research

2.1 Introduction

We previously reported our initial investigations of the electronic transport through 200 x

200 two dimensional quantum dot arrays patterned on a molecular beam epitaxy (MBE) grown

GaAs/AIGaAs heterostructure [Harris][Durutz]. The current-voltage (I-V) relation of the arrays

showed two striking features: a threshold for conduction, and multiple switching events

accompanied by a hierarchy of hysteresis loops. By changing the voltage applied to a single

Schottky gate deposited over the entire array, it was possible to move between the hysteretic and

non-hysteretic regimes. A single hysteresis loop was measured in the single control dots fabricated

adjacent to the large arrays. No switching or hysteresis was observed above a temperature of

700mK.

We have continued this investigation by focusing on the mechanisms responsible for the

switching and hysteresis. It is this behavior, and control of it, that will be most relevant in any

technological application.

7



We have thus characterized in detail the behavior of the single control quantum dots and

point contacts in our first generation devices. We have also fabricated a second generation of

similar etch defined single devices using a GaAs/AIGaAs heterostructure grown by chemical vapor

deposition. All of our single device results have been duplicated in both of these materials to prove

the repeatability and robustness of the switching phenomena. Our results show the single

hysteresis observed to be the experimental realization of a basic conduction bistability in the I-V

relation. When measured on sufficiently fast time scales, the switching bistability manifests as a

random telegraph signal in the current under constant voltage bias. Most significantly, we are able

to control the bistable switching rate and range with voltages applied to a new back gate and the

original front Schottky gate. We are also able to observe the switching in the new devices at a

temperature of 4.2K. These results have yielded new insight into the cause of the I-V switching.

2.2 Device Fabrication and Measurement Configuration

All devices measured were fabricated by lithographically patterning a GaAs/AlGaAs

epitaxially grown heterostructure. We have utilized a standard modulation doped architecture to

create a two dimensional electron gas (2DEG) approximately 800 A below the wafer surface. First

generation and second generation split gate devices were fabricated from MBE material grown in

our laboratory with a mobility and sheet density of =200 000 cm2Ns and 3.5x101I cm-2; second
generation etched devices were patterned on CVD material grown at Sandia National Labs by our

collaborator H.Chui with a mobility and density of =300 000 cm2/Vs and 2.Ox 1011 cm-2.

The devices were formed using electron-beam lithography to define the point contact, dot

and array features. Minimum feature size as shown in Fig. 1 is 100 nm, point contact barrier

openings are 200-400 nm, and the array periodicity is 800 nm. This lithographic pattern was used

as a mask for wet chemical etching 800 A deep through the 2DEG in the case of etched structures,

or NiCrAu metal gate. evaporation for the split gate devices. A single 1000 A Au front gate was

deposited over the etched devices. A ground plane below the mounted chips was used as a back

gate.

8



, ae Control

MI

Array l
0.8 'I ~ Ohmnic
P Cotacts

Figure 1: (a) Electron micrograph of part of a 200x200 array. The 2DEG is removed beneath
darker regions. (b) Schematic diagram of the array layout (c) Micrograph of a CVD etched
point contact of barrier width 260 nm. The 2DEG is removed below the two vertical fingers.

Measurements were conducted at temperatures of 4.2K to 300mK in a pumped He 3

cryostat with a slowly swept dc voltage bias applied to source and drain ohmic contacts across each

device. DC voltage biases were also applied to the front and back gates. The dc current was

recorded with a slow averaging multimeter and a fast oscilloscope.

2.3 Experimental Results

In Fig. 2 we review the hysteretic behavior observed in the large arrays. All hysteresis

loops observed are traversed in a counter clockwise direction in I versus V. This figure shows
multiple hysteresis loops shrinking and dissociating into smaller loops as the temperature is raised.

All hysteresis has disappeared at 680mK.
0.5-, 1 T= K I -The single point contact and quantum dot

devices we have concentrated on all show one
---- bistable switching region as the dc conductance0.3

T=300mK jumps from zero to a finite value, typically (60
0.2 T=220r ---.,-_ k)-. Figure 3 displays how the conductance

T=170mK . switches between two bistable states over a small
0.1 T=70mK voltage range as the devices turns on. Applying a

T=20mK
0.0 L constant source drain voltage to bias the device at

0 5 10 15
V, (mV) some midpoint of the switching region yields a

random telegraph signal in the current as a
Figure 2: I-V curves (offset for clarity) of an function of time. (Fig. 3 inset). Recording the
array device at Vfront gate= -115 mV and various
temperatures. times spent in the high and low conductance state

yields an average lifetime thigh, tI0w for each state.
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Figure 3: I-V curve of quantum dot displaying Figure 4: In the hysteretic regime, control
bistable conduction switching as the bias is over the size and position of the hysteresis
swept up over 8-10 mV. Inset shows random loop is effected with a backgate voltage as
telegraph signal in time at a fixed bias of -9 labeled (curves offset for clarity). Results for
mV. Temperature is 400 inK. an etch defined quantum dot at 400 inK.

As the source-drain bias is swept over the switching range these lifetimes appear to change

exponentially; thigh increases with bias and tow decreases. The clean hysteresis loops initially

observed in the arrays can thus be described as bistable conductance regions with average (thigh,

t1ow ) > measurement sweep rate. As the device remains cold, the time constants of this switching

increase over several hours until even a slow voltage sweep appears hysteretic.

In this long switching time or 'hysteretic' regime when tswiteh is much greater than our

measurement speed of O( 10s ), we can use the front and back gates to control the size and position

of the hysteresis. As an increasingly negative
.300. backgate voltage is applied, the hysteresis loop
S-250 ........ ............... ..........- ............... .............. ...............

Baaleexpands in size and the initial turn on threshold"* ....................... ....... -. .............. ........................... u rn o n h re h o l

--------- shifts to higher source-drain bias, as illustrated in

Fig. 4.
o-0 In the short switching time or telegraph

-301.Q

.2. ............... .............. . .............. noise regime we achieve our most significant
'20 ................ ........................... ................ ........ .. ... result; application of a sm all backgate voltage

U550 . ............ ......................
..,.. changes the average state lifetimes dramatically.

" . We are able to continuously control the lifetimes
.,0 ., .,2 .,3 ... .. . over our full measurement range of lOOgs to

Figure 5: In the fast telegraph switching lO00s, seven orders of magnitude. Fig. 5
regime, the backgate is able to reversibly demonstrates this control.
control the bistable state lifetimes. Results
from etch defined quantum dot at 400 inK.

10



The CVD etched devices extended the temperature range of this behavior to above 4.2K.

In addition, some of these devices displayed multi-stable switching instead of a simple bistability.

The multi-stable devices also showed switching between finite conduction states, and a smoother

current turn on. This comparison is made in Fig. 6.

We have also conducted initial tests on the split gate second generation single devices, in

•50 . .100

-50
-4 0 ................. i ................. ................ ....... .......... -- -----.. .. --- ... .............

Z .3 0 .................. ................ ...... ........... ................ d .. ...... . 6 ..
0 100 200 300 4,00 500

i-20 .... ...................................

-to - .20 ........ - ....................................................00
-15 -16 -17 .18 -19 -20 .16 -18 -20 -22 -24

Figure 6: (a) Bistable hysteresis in a CVD point contact at 4.2 K (b) Multi-stable switching and
associated multi-level random telegraph signal (inset) in another CVD point contact at 4.2 K,

which the quantum barriers are defined with electrostatic depletion gates instead of wet chemical

etching. Well resolved coulomb blockade measurements (Fig. 7) demonstrate that these devices

are performing correctly. Future measurements will characterize and compare the switching

behavior in this very different architecture to the etched device results.

2.4 Discussion of the Results

The most significant result in the single device investigation has been the characterization of

the hysteresis as a basic conduction bistability with a random telegraph signal (RTS). This result

has been confirmed in the high bias regime by other groups in an offset split gate [Smith] and a

deeply etched lateral barrier [Pilling]. Random telegraph signals have been observed in quantum

devices near equilibrium [Dekker][Timp][Sakamoto] and have been attributed to the fluctuations of

a single or small number of nearby impurities. Many of our results are consistent with this

interpretation, however the exponential dependence of the bistable state lifetimes thigh, tow as a

function of source drain bias has not been measured before, and remains difficult to interpret
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Figure 7: Coulomb blockade oscillations in a three lead dot. The inset shows the SEM picture of
the device. Top gates are numbered from "1" to "4". "G", "D" and "S" denote the semi-infinite
leads can be used interchangeably as "Source", "Drain" and "Leakage Channel". The result
shown here is obtained by varying the voltage on gate "2", and keeping the others constant.

within the impurity model. The very strong control effected by the back gate voltage on switching

times is likewise unexplained.

The multi-stability displayed in some of the CVD etched devices (Figure 6) is more typical
of fluctuations due to impurities. Yet in this case as before there is an exponential bias dependence

of lifetimes, and indeed under controlled circumstances an evolution from bistable on-off switching

to multi-stable on-on transitions.

Voltage dependent random telegraph signals have been observed in submicron MOSFET

inversion layers and 4pm diameter resonant tunnel diodes [Ralls][Ng]. In each case the

dependence of the RTS is attributed to the physical position of a switching impurity and it's bias

defined energy with respect to a local Fermi level. In our devices the voltage dependence scale is

much smaller - the state lifetimes can vary by two orders over only 500 gV of applied bias,

inconsistent with the above explanation.
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3. Conclusions and Future Work

The cause of the conduction instability remains unclear. Strong qualitative similarities to

impurity switching results are contradicted by the exponential voltage dependencies of the state

lifetimes. However, we have already been able to demonstrate remarkable control over the

character of the instability as it manifests in the I-V relation using both front and back gate

potentials. Further probing of this control should lead to a physical explanation of the switching

and hysteresis.

We will continue with a series of measurements characterizing the transition from the well

understood equilibrium regime to our high bias non-equilibrium situation. Quantitative

dependencies of the state lifetimes as a function of gate voltages, applied bias and temperature

across this transition are required. Similar measurements on our split gate devices will quantify the

relevance of the surfaces and associated imperfections in the etched devices, and direct future

fabrication towards the most robust architecture.

With these results in hand, we will return to the performance of the single device arrays,

densely packing the point contacts and quantum dots into ID and 2D arrays. Single and coupled

device behavior can then be separated and accurately characterized. This knowledge will form the

design framework of future single electron architectures in this regime.
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UNIT: 2

TITLE: Patterned Thin Film Media for

High Density Magnetic Recording

SENIOR INVESTIGATOR: R. F. W. Pease

RESEARCH STUDENT: R. M. H. New

Background

In conventional hard-disk magnetic recording systems, the signal to noise ratio is often

limited by "transition" noise which occurs due to the irregular zig-zag domain walls between

adjacent recorded bits [Tong]. In order to address this problem, we are studying recording media

composed of large arrays of submicron lithographically defined single-domain magnetic islands. It

is known both from theoretical arguments and from experiments that sufficiently small magnetic
particles are uniformly magnetized and contain no domain walls. If a single-domain particle of this
type has a single uniaxial easy axis of magnetization then it will have only two possible

magnetization states and will be ideal for storage of a single bit of information. A magnetic
recording medium consisting of an array of equally spaced and uniformly shaped single-domain

islands with predictably oriented easy axes could serve as a virtually noise-free alternative to the
unpatterned magnetic thin films used in conventional hard disk systems. The ultimate theoretical

storage density for such a system would be limited only by the spontaneous thermal switching of

bits, a problem that would occur only for particles one hundred angstroms in diameter or less.

In a previous contract period we developed a procedure for patterning polycrystalline

magnetic thin films using direct-write electron beam lithography and a multi-step masking and
milling process [New (a)]. We used this procedure to define large arrays of 0.15gtm by 0.2 tim

cobalt islands and studied the physical properties of these islands using atomic force, scanning

electron and transmission electron microscopy. The magnetic properties were examined with both

magnetic force microscopy and bulk hysteresis loop measurement techniques [New (b)].

For those initial experiments we patterned magnetic islands out of a 200-A-thick

polycrystalline cobalt film. Our results indicated that the transition from the multidomain to single

domain state occurs at an island diameter of roughly 0.2mm. The magnetic force microscopy

images of these islands showedthat these islands were not single domain. However, smaller

islands, roughly 0.15mm by 0.2mm in size, were almost all single domain. Transmission
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electron microscopy images of the patterned polycrystalline islands indicated that there were

roughly 200 cobalt grains per island, each of which has an easy axis of magnetization randomly

oriented in the plane of the film. For islands with only a few hundred grains or less, the

magnetocrystalline anisotropies of the individual grains may not completely average out and the net

magnetocrystalline anisotropy may be larger than the shape anisotropy for some island geometries.

Our calculations indicated that for the island geometries we are using, there is a significant
probability that the net easy axis may be misaligned with the long axis of the island [New (c)], and

our initial experiments confirmed this. Such unpredictably oriented easy axes would cause

problems in a single-bit-per-island recording scheme.

One problem with polycrystalline magnetic recording films, either patterned or unpatterned,
is that the fundamental unit of magnetization (typically a single grain or grain cluster of 100 to 500

A in diameter) is not much smaller than the size of a single recorded bit. For a state of the art

lGbit/in 2 recording system, there may be only a hundred grain clusters or less per bit. Because the
medium is so coarsely discretized, conventional magnetic recording systems suffer from increasing

signal to noise problems as recording densities are increased. Medium noise is already the most
important component of noise in recording systems that use magnetoresistive readback heads.

One solution to this problem is to switch to a recording medium which is homogeneous
over the size range of a single recorded bit. Sputtered single crystal films would provide a more
controllable and predictable magnetic behavior when examined at this size range, and patterned

islands of single crystal material would not suffer from the problem of randomly oriented easy axes
discussed above. One of the major advantages of the patterning technique that we have developed

is that, unlike a lift-off process, it can be used to pattern single crystal thin films. In preparation
for future experiments we have sputter-deposited single crystal iron films on sapphire substrates

and measured their magnetic and structural properties. These films show good epitaxial quality

and have a predictably oriented uniaxial anisotropy as required.

Progress during the current Year

During the last year we successfully patterned such films into islands with lateral
dimensions ranging from 100nm to several microns, using techniques not dissimilar to those used

for patterning the cobalt. The resulting islands were examined using a variety of techniques

including SEM, AFM, alternating gradient magnetometer (Princeton Measurements Corp.) and

vibrating sample magnetometer (Kobe Steel). In all cases the islands were single crystal. This

included islands up to several microns long and with high aspect ratios with the long axis at a
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Figure 1: Topographical (a) and magnetic (b) images of single-crystal iron islands with a
smallest feature size of 1.0 microns. Even the largest islands (up to 1.0 by 3.0 microns) are single
domain.

variety of orientations (Fig. 1). All of the islands had their easy axis aligned with the surface

anisotropy of the film thus we were able to control simultaneously the crystallographic orientation

and the shapes of the islands and hence compare the relative strengths of magnetocrystalline and

shape anisotropy of these islands. In addition to this scientific advantage it is important technically

to have the easy axis across the long direction of the islands because it allows for more efficient

coupling of the medium to the read/write head. This can be accomplished when crystal orientation
is the dominant factor governing easy axis direction; if shape anisotropy dominated then the easy
axis would be along the long direction.

We have also, in collaboration with University of Maryland, been able to examine these
islands in a magnetic contrast AFM while applying an external field and observe the external field

necessary to switch each island (Fig. 2). By examining a large population of islands under these

conditions we were able to predict quantitatively the shape of the magnetization loop of the

complete sample. This prediction turned out to be accurate thus confirming the our model of the

contrast mechanism for the magnetic contrast AFM.

We have developed a preliminary model for the reduction in transition jitter that might be

expected if we employed a patterned recording medium. Current recording systems suffer from a
transition jitter described as a standard deviation cr of the transition point of about 5nm for a track

width of 3pm. Narrower track widths will show worse jitter because of the lower number of

grains being averaged over. With a patterned medium we might expect the jitter to be consistent
with the edge roughness when averaged over the length of the island and this could well be a factor

of 4 lower. More comprehensive models would have to consider the particular form of read head

used and the signal extraction algorithms used.
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Figure 2: Figure (a) shows a magnetic force image of three islands, each with a width of 0.5gin,

but with different lengths. In Figure (b), the vertical scan direction has been turned off, and the

magnetic tip moves back and forth along a horizontal line (<--->) as the externally applied

field from the electromagnet is ramped up. The filed is applied within five degrees of the easy

axis of magnetization. Both the electromagnet and the islands are initially in a saturation

remanent state (at the bottom of (b)). As the field is increased, the left and right islands are

the first to reverse their magnetizations (at 435 Oe) followed by the center island (at 672 Oe).

At 910 Oe, the magnetization of the tip reverses so as to align itself with the applied field.
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During the reporting period the student, Richard M. H. New, completed his PhD.

requirements and graduated and is now at the IBM Almaden Research Center San Jose CA. His

dissertation, "Patterned Media for High Density Recording", was approved in September 1995 and

copies are available.
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UNIT: 3

TITLE: Investigation of a Metal Source and Drain

Field Emission Transistor

PRINCIPAL INVESTIGATOR: C. R. Helms

GRADUATE STUDENT: J. P. Snyder

Background

Metal source and drain Metal-Oxide-Semiconductor-Field-Effect-Transistors (MOSFETs)

have been shown to have several key advantages over their conventional (doped source and drain)

counterparts including ease of fabrication and unconditional immunity to parasitic bipolar and latch-

up effects. They were first investigated in the late 1960s [Lepselter], and were thought to have

certain advantages over their conventional (diffused source and drain) counterparts including a

simplified process, the ability to make very shallow source and drain regions, low source and drain

sheet resistance, and complete immunity to latch-up and parasitic bipolar effects. They proved to be

poor performers however when compared to a similarly sized conventional MOSFET. The lower

drive current in the 'on' state was attributed to the presence of a finite 'gap' between the edge of the

poly gate and the edge of the platinum silicide (PtSi) source metal. The much higher leakage

currents in the 'off state originate at the drain end of the device, where electric fields cause the

thermally assisted field emission of electrons from the drain into the silicon [Lepselter] [Oh]

[Koeneke] [Sugino] [Tsui].

Until recently, the low temperature characteristics of these devices have not been

investigated. The only exception to this is a 1968 paper [Lepselter] in which 77 K I-V curves are

shown and briefly discussed. Their device was fabricated with a non-self aligned, chemical vapor

deposition (CVD) gate oxide process. The data shows a significant decrease in current drive at 77

K compared to room temperature.

Since 1993, several papers [Tucker] [Hareland] have reported on simulations on these and

similar devices, and have shown acceptable drive current and short channel effects in devices with

channel lengths down to 0.025 m. The scalability of these metal source and drain devices is

particularly impressive at low temperatures (77 K), as described by [Tucker]. It seems possible in
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light of these recent studies to build a metal source and drain device that has all the advantages

previously mentioned, as well as superior scalability to well below 0.1 4m and free of the low

drive and high leakage current problems. The only requirement is low temperature operation.

Progress during the current Year

We report the first detailed experimental investigation of the low temperature, field

emission characteristics of PtSi source and drain MOSFETs. I-V curves have been measured at

Gate

Source E Drain

intrinsic silicon

Figure 1: Schematic Diagram of the Device.

various temperatures down to 4.2 K and for channel lengths down to 1 gm. Device fabrication has

been optimized so that it is free from the 'gap' at the poly edge described earlier. As will be

discussed, we observe a definite transition in the current flow mechanism of the device, from

thermal to field emission, as the temperature is reduced below 100 K. In this low temperature 'field

emission mode', the drive current when the device is 'on' is comparable to that of a conventional

MOSFET, and short channel effects are not observable down to 1 gtm, despite the fact that the

substrate is nominally undoped. The schematic diagram of the device is shown in Fig. 1.

The band diagrams of Fig. 2 demonstrate the operating principle of the device described in

figure 1 at an intermediate temperature (- 150 K) such that the various current flow mechanisms are

observable. The band diagrams are drawn along a line from source to drain, just underneath the

gate oxide, and show the Fermi levels of the source and drain PtSi, as well as the conduction and

valence bands of the silicon substrate.

In Fig. 2(a), when the device is in its 'off state with bias applied only to the drain, hole

leakage current enters the channel by thermal emission over the sum of the 0.2 eV Schottky barrier

and an electrostatic barrier present because of the difference in workfunction between the n+

polygate and the PtSi source. In this domain of gate voltage (Vg), the thermal emission regime,

holes flow by diffusion from source to drain and the silicon bands in the channel are flat.

Changing the gate voltage simply changes the amount of hole thernal emission current entering the
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channel, as is seen in the 'thermal emission characteristic' drawn in the plot of source current (Is)
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Figure 2. A band diagram description of the different current flow regimes seen in a typical
source current vs. gate voltage plot. (a) Thermal emission regime (b) "current plateau" regime
(c) field emission regime and (d) channel resistance limited regime.

vs. Vg. There is also the possibility of electrons being field emitted from the drain because of the

high electric fields there, but this component of current does not show up in our measurements of

source current and will not be discussed in this report.

Eventually, with increasingly negative gate bias, only the fixed Schottky part of the barrier

to holes remains and the current is limited by thermal emission over this barrier [Fig. 2(b)]. In this
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'current plateau' regime further increases in the magnitude of the gate voltage cease to have an

exponential effect on Is. The hole current is, for the most part, dependent only on the temperature

and the barrier height (- 0.2 eV), as is drawn in the topmost plot.

With high enough gate bias, holes eventually can be made to tunnel through the Schottky

barrier and Is once again begins to increase in an exponential fashion, this time along a 'field

emission characteristic' [Fig. 2(c)]. The current is not yet large enough to give the silicon bands in
the channel appreciable slope, which is to say that the current is still field emission limited and still

travels by diffusion from source to drain, and is not yet channel resistance limited.

Finally Is becomes large enough that the channel resistance begins to dominate and the

holes travel by drift [Fig. 2(d)]. In this regime of Vg the current drive of the device is similar to that

of a conventional MOSFET as the Schottky barrier has been rendered all but transparent to the flow

of holes.

Drain curves (Is vs. drain voltage (Vd)) and gate curves (Is vs. Vg) were measured with a

computer controlled HP 4140B DC voltage source/pA meter. A Lakeshore cryogenic probe station
was used to perform measurements down to 4.2 K.

Figure 3(b) shows the experimental gate curves of the device described in Figs. 1 and 2

with width=length=2 gim. Here the thermal emission, plateau, field emission and channel

resistance limited regimes are clearly seen, especially for the 200 K curve. As was mentioned

previously, the plateau current is solely a function of temperature and barrier height and this

dependence is observable. The plateau current drops exponentially with temperature, so that for

temperatures less than about 100 K, all significant current flow (> 0.1 pA) occurs by the process

of field emission and the device is being operated in the 'field emission mode'. It can be seen that

this field emission characteristic is largely independent of temperature. Because n+ poly is used
for the gate material, Vg must be brought to about -2 Volts before significant current begins to

flow. Referring back to Fig. 2, this implies that even the band diagram in Fig. 2(c) could be used

as an effective 'off state. This could be realized for example, if p+ poly were used for the gate.
The Schottky barrier alone is responsible for preventing the flow of current into the channel and

thus it is clear why substrate doping is not required.

It is also possible to back out the effective PtSi - Si barrier height to holes from the thermal
emission formula I = AA*T 2Exp(q, yAT/(kT/q)) using the plateau currents and corresponding

23



temperatures. This formula gives a barrier of -0.195 eV, in very good agreement with published

Vg
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Figure 3. Variation with temperature (a) qualitative example showing the major effects of
temperature variation on the gate curves of a PtSi source and drain MOSFET. The arrows point
in the direction of decreasing temperature. (b) Actual measured data of a device described in
(a).

barrier heights of the PtSi - Si system [Mooney] [Weeks].
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During the last year also developed a full 2-D Poisson solver which is integrated with first

principles tunneling calculations in order to theoretically examine the effects of device geometry (tip

sharpness, channel length, and gate oxide thickness) and materials and system parameters

(Schottky barrier height and temperature) on the hole and electron field emission characteristics.

The subthreshold slopes of these characteristics were found to decrease monotonically with gate

oxide thickness with no theoretical limit. This is in contrast to the theoretical limit, defined by

temperature, that exists for the subthreshold region of a conventional device. Subthreshold current

levels were also found to be generally smaller than those of conventional devices by several orders

of magnitude. Shallow source/drain junctions with sharp tips were found to be optimal in terms of

promoting hole field emission drive currents and controlling Drain-Induced-Barrier-Thinning

(DIBT) hole leakage currents. Low barrier heights (for good drive currents) and low temperatures

(for low leakage over the low barrier) were also found to be optimal.

Possible Future Directions

These devices will be investigated further. Shallower junction, p+ poly, no gap devices

(unlike the ones studied in this dissertation) will be investigated especially with regard to drive

current and electron leakage current. NMOS devices can be built as long as metal-silicon Schottky

diodes with low barriers to electrons can be found. Rare-earth silicides are potential candidates for

this application. Finally, full 2-D modeling of these field emission devices with integrated

tunneling and hot-carrier models will be used to further explore the 'virtual source voltage'

phenomena described in Chapter 8 of J. P. Snyder's Ph.D. thesis, and to determine the effects of

this phenomena on device long term reliability.
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UNIT: 4

TITLE: On-Chip Thin Film Solid State Micro-Battery

PRINCIPAL INVESTIGATOR: S. S. Wong

GRADUATE STUDENT: J. Leung

Scientific Objectives

The objectives of this work are to develop the fabrication technology and characterize the

performance of thin film solid state micro-batteries that are suitable for monolithic integration with

semiconductor devices.

Summary of Research

In the last phase of this research, we successfully fabricated and tested solid-state micro-

batteries on a silicon substrate. Charging and discharging up to 1000 cycles were demonstrated.

In addition, we identified a suitable diffusion barrier, PECVD oxynitride, that can prevent the

lithium ions from penetrating down to the devices in the substrate.

Encouraged by the experimental results, we have designed various circuits to be integrated

with the micro-batteries. These circuits include charging and discharging control units, various

temperature sensors, and voltage controlled oscillators. Figure 1 shows a basic charging circuit.

Both constant and pulse current charging are amongst the various charging modes to be studied.

We have also taken into account the possibility of circuit leakage. Simulation indicates that the

leakage current should be less than 3 pA when the micro-battery is fully charged to above 2V.

Both internal resistance and capacitance of the battery are included in the modeling. The basic op

amp is capable of operating in the high MHz range while delivering 200 uA. In addition, various

temperature sensors will be placed on chip. The close proximity of these sensors to the battery will

yield accurate thermal profile which will be important in the design of large integrated circuits.

We will also incorporate a voltage controlled oscillator (VCO). The VCO operates off the

on-chip battery and can be programmed with an external signal. Simulation has indicated that the

VCO can run up to 1 MHz. The excellent voltage stability of the micro-battery will be ideal for

applications such as frequency synthesizer which requires VCO with an excellent power supply

rejection ratio. Noise at VCO is often difficult to be filtered out in a frequency synthesizer, and is

the factor that determines channel spacing criteria [Mannasiwitsch].
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Figure 1. Basic charging circuit.

Figure 2 illustrates the sequence for monolithic integration. The circuits will be first

fabricated with a conventional CMOS technology. Afterwards, a layer of silicon oxynitride

passivation layer will be deposited using plasma enhanced chemical vapor deposition (PECVD).

Lastly, the various layers for the lithium battery will be sputtered on.

The circuits will be fabricate on 4-inch wafers in a 2 gm CMOS technology. Individual die

size is limited to about 8 pm by 8 im. Ten micro-batteries will be sputtered on each wafer. Each

battery will be about 1 cm by 1 cm and with a charge capacity of about 1 Coulomb. An overview

of the wafer is shown in Fig. 3.

28



nicro- battery

TiS2 ele trolyte Li

Si substrate

Figure 2. A cross section of the integrated micro-battery.
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Figure 3. Placement of micro-batteries on a four-inch wafer.

The fabrication will commence shortly. We aim at not only demonstrating the feasibility of

such a full integration, but also performing on-chip characterization.
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UNIT: 5

TITLE: CVD Epitaxial Germanium n-Channel FETs Formed

on Si Substrates using Strain-relief Layers

PRINCIPAL INVESTIGATOR: K. Saraswat

GRADUATE STUDENT: D. Connelly

Abstract

N-channel field effect transistors are fabricated in strained and unstrained Ge grown via

graded-alloy strain reduction on (001) silicon substrates. Applications of Ge device integration

with silicon substrates are discussed. Blanket graded-alloy epitaxy is compared with other strain

reduction techniques. The effect of strain on the Ge conduction band structure and hence on

electron transport in the x-y plane is examined.

Objectives
The following are the primary objectives of this project::

" To fabricate n-type Ge-channel MOSFETs on a Si substrate.

* To investigate the effect of different degrees of compressive strain on the electron transport

properties in germanium inversion layers.

• To compare different schemes for the formation of strain-relief structure formation including

blanket graded epitaxy, selective graded epitaxy, and graded epitaxy on ultra-thin silicon-on-

insulator.

* To assess the utility of high-germanium content n-channel MODFETs in high-speed transistor

applications.

Prior Art

The development of strained layer epitaxy of GeSi alloys on silicon substrates sparked

interest in the development of heterostructure devices using silicon-based technology. Much of the

work can be placed in one of two categories, vertical heterostructure bipolar transistors (see for

example [King]), in which the primary interest is the band-gap difference between the base alloy

and the emitter alloy, and confined-carier field-effect devices (see for example [Pearsal186] and

[Daembkes]) in which the parameter of interest is the conduction band offset (for n-channel

devices) or the valence band offset (for p-channel devices).
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The biaxial compressive strain formed when GeSi with non-zero x is deposited on silicon
enhances the natural positive valence band offset of the GeSi relative to silicon [Pearsal189].

Representative is the work by the group from UCLA [Nayak] in which a 10 nm "undoped"

unstrained silicon layer is deposited on an n-type Si substrate. An undoped 15 nim strained
Ge0.Si 0.80 layer is then deposited to form the channel region. It is capped with a 10 nm silicon
layer. A 5 nm SiO2 layer is then thermally grown to form the insulator, consuming some of the

underlying silicon. The structure is capped with a polycrystalline silicon gate electrode. The
estimated 0.15 eV valence band discontinuity confines most of the holes to the Ge0.20Si0.80 layer for

the initial portion of the superthreshold gate bias regime. The Princeton group [Garone] fabricated
a similar structure with a 10 nm Ge0.40Si0.60 well capped by a 7.5 nm silicon spacer and a 10 nm

gate oxide with an aluminum gate electrode.

For electron-confinement structures things are more complicated. For unstrained material

of low-to-moderate germanium concentrations the conduction band consists of six degenerate

ellipsoids aligned along the x, y, and z axes in momentum space. For material under [001]-

directed strain the degeneracy is broken --- the z-directed ellipsoid is either raised or lowered in
energy relative to the x and y valleys. Since the z valley exposes its carriers during conduction in
the x-y plane to only the light transverse effective mass it is preferable to raise the energy and

thereby reduce the carrier population of the x and y ellipsoids. This is done by depositing the

channel material in biaxial tension.

Reported work to date has been on structures utilizing strained silicon as the channel
material. Representative is the work from Stanford [Welser]. They had two forms of their
device. One started with a relaxed (001) Ge0.30Si0.70 surface on which was grown a strained silicon

layer. Subsequent oxidation of the silicon resulted in a 12.8 nm gate oxide over a 4.6 nm strained
silicon channel well. The other used a Ge0.29Si. 71 surface on which was grown an 8.0 nm strained

silicon layer covered with a 7.2 nm Geo.29Si0 .71 spacer and a "sacrificial" strained silicon cap.

Thermal oxidation to form the 12.8 nim gate oxide fully consumed the cap. Thus the former
devices had surface channels while the latter had buried channels for moderate superthreshold

biases.

IBM has published results of Schottky-gated n-channel structures using both Molecular
Beam Epitaxy and Ultra High Vacuum Chemical Vapor Deposition (UHVCVD) [Ismail] [Wang].

They used a starting relaxed surface with a 30% germanium content. Their channel was formed in

a 10.6 nm strained silicon layer.
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The key difficulty in the formation of these structures is the preparation of the initial

surface. Ideally if a surface of a given alloy composition is needed a wafer of that composition

should be used. Unfortunately wafers of arbitrary germanium content are not available --- silicon

wafers are widely available and germanium wafers are available at considerably higher cost. A

solution is to deposit a relaxed "buffer layer" in which threading dislocations are isolated below the

surface to translate the surface composition to the desired value from what is on hand. Leaders in

this technique include AT&T with Molecular Beam Epitaxy and IBM with CVD and MBE. All

reference cases described here begin with (001) silicon wafers.

In reference [Fitzgerald] AT&T reports the results of linearly grading the germanium

content from zero up to 53% using MBE at 900 C. The alloyed germanium content is ramped at

0.1 per micrometer. The high temperature is used to prevent the accumulation of stress in their

films before relaxation events, increasing the number of threading dislocations and canceling the

benefits of compositional grading. They fabricate ungated electron confinement structures [Xie]
with good results. Other workers [Schaffler] showed that increasing the gradient to 0.45 per

micrometer and decreasing the deposition temperature to 750 C can still yield significant advantage

over abruptly stepped buffer layers.

IBM has generated strain-relief layers using both continuous grading as per AT&T (see
[Legoues91] and grading in discretized steps [Meyerson] using both MBE and CVD. In reference

[Tsang] step-grading from pure silicon to pure germanium with fewer than 0.01 threading

dislocations per square micrometer in the top germanium film is reported. The deposition is done

using UHVCVD with composition graded in 40 steps at approximately 0.20 per micrometer. The

quality of the film is sensitive to the deposition temperature, with 450 C optimal for the pure-

germanium portion. This is described in reference [Legoues92].

The Stanford group [Welser] used, for example, a graded layer of germanium composition
from 6% to 30% continuously graded over 1.6 gm deposited via CVD using "Limited Reaction

Processing" at 750 C. They had difficulty grading beyond 50% germanium starting from pure

silicon using their technique, although IBM's positive results show it can be done.

Background

Single-crystal GeSi alloy exhibits a peak valence band energy that increases steadily with

increasing Ge content: The energy of the sixfold-degenerate X (used here to signify all six <100>

directions) conduction band valleys is relatively insensitive to the Ge content in unstrained material.

Up to approximately 80 atomic-percent Ge these X-valleys have the lowest energy of the
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conduction states in the material. At higher Ge concentrations, however, the strong alloy-

dependence of the eight-fold degenerate <111 > L-valleys brings them to a lower energy.

Due to the dependence of the valence band energy on alloy content across the material

spectrum most unipolar heterostructure devices built in the low-Ge regime have used holes as their

carrier. n-type devices have been built, however, exploiting the strain-dependence of the

conduction band minimum.

When (001) silicon is deposited pseudomorphically on a thick unstrained crystalline GeSi

alloy the silicon is in biaxial tension, with decreased lattice spacing in the growth direction (z) and

increased lattice spacing in the two orthogonal directions (x and y). The result is that electrons in

the z-valleys ( [001] and [00-1] ) exhibit a reduced energy relative to those in unstrained silicon

while the x and y valleys see an increase in the energy of their states. (See [Pearsa189] for a good

overview of the strain effects on GeSi bands.) The advantages are two-fold. First, since the

unstrained GeSi substrate has similar conduction band energies to unstrained silicon, the Si now

has a reduced conduction band energy relative to the surrounding material and electron confinement

can be achieved. The second advantage is that these valleys exhibit a transverse effective mass

lower than their longitudinal effective mass. Since conduction in the channel by z-valley electrons

will be characterized by the lower transverse effective mass while electrons in the other four valleys

will be subject to a mixture of the longitudinal and transverse effective masses, preferential

occupation of the z valleys results in a decrease in net effective mass and a corresponding increase

in mobility for appropriate carrier densities. The stress-induced electron confinement for devices in

principle works for alloys from zero Ge up to approximately 80 atomic percent Ge. However,

work to date has focused on using strained silicon as the channel material.

In Ge-rich material there is therefore available two mechanisms to yield band offsets. If the

unstrained starting material is (001) Ge0.75Sio.25 then application of a strained layer of pure Ge will

result in a reduced conduction band energy due to the lower energy of the L-valleys (due to

symmetry the effect of the [001] compression on the <111> L-valleys is small). Growth of a

strained Ge0. 05Sio.50 film on the same substrate will result in reduction of the z-valley energies

relative to the unstrained material. These offsets could be used in the formation of confined-

electron structures.

Of further interest in Ge channel devices is in which valleys the conduction band minimum

occurs. As the degree of [001] compression is increased via a lowering of the effective substrate

germanium content, the energy reduction of the x and y valleys increases the population of
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electrons occupying them until they become the principle repository for channel electrons. The

effect of this transition on electron mass and electron scattering is of significant importance.

Of practical interest is the formation of the relaxed buffer layer. Linear grades can be done

via different temperature schedules to confine stress-relieving defects below the surface. These

grades can be executed either on a blanket wafer or in regions defined in a surface oxide layer.

Another option is the formation of a graded buffer layer on ultra-thin silicon-on-insulator,

decreasing the energy needed to relax the surface.

Current Work
While there are many interesting possibilities with Ge-on-Si devices, due to the

considerable challenges encountered in the optimization of the graded epitaxial process and in the

reliable formation of dielectrics on a germanium surface, this project is focusing on two, both

currently under fabrication. One is simple Ge-on-Si n-channel field effect transistors. These are

expected to exhibit conduction-band minima in the L-valleys such as those exhibited by bulk

germanium, as was discussed in the last section. The second type of device is the strained Ge-

channel on strain-reduced GeSi using a germanium atomic fraction of 75%. It is expected that the

strain will reduce the energy of x and y-directed delta-points below the L-valleys, yielding a

significant and observable difference in in-plane carrier transport.

Strain-relief via graded epitaxy is achieved by grading the composition, pressure, and

temperature in the epitaxial reactor. Depositions are done in the Stanford Center for Integrated

Systems Applied Semiconductor Materials Epsilon Chemical Vapor Deposition Epitaxial Reactor.

The reactor is a multi-lamp-heated single-wafer unit with a graphite susceptor.

Starting wafers are 4-inch 10 ohm-cm boron-doped (001) silicon. These are cleaned via

the lab's standard "HF-last" prediffusion clean and immediately placed in the reactor load lock.

After at least an hour's nitrogen purge, the wafers are "prepared" by lowering the load-lock

elevators into the exchange chamber. The processing of each wafer starts with an atmospheric-

pressure hydrogen bake at 1150 C, an in-situ H2+HCl etch at 1150 C, and another 1150 C

hydrogen bake.

Germanium grading is achieved by ramping up the germane flow, ramping down the silane

flow, and ramping down the temperature continuously during the deposition period. At the end of

the grade, a germanium cap of approximately 2 p.m is deposited for device formation. Mass flow

controller limitations bound the contiguously-available range of germanium fractions at 3% and
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98%, however the "discontinuous" jumps from 0 to 3% and 98% to 100% are accommodated

without noticeable quality degradation in the film quality.

The key to successful strain relaxation is to maximize the strain reduction achieved via the

formation of buried misfit dislocations. These nucleate either homogeneously (thermally) or

heterogeneously (due to external factors, such as particles, the wafer edge, etc.). These misfits

generally form and propagate in either the [110] or [1-10] direction until either the temperature

drops below a kinetic threshold, the edge of the epitaxial region (the wafer edge in the case of

blanket epitaxy) is reached, or they scatter towards a wafer surface in the form of threading arms.

Since threading arms at the surface can degrade device performance, the distance the misfits are

able to travel before scattering should be maximized. A combination of high deposition

temperature to drive the propagation kinetics, low deposition rate to give the misfit time to

propagate, and low growth rate to maintain an acceptable level of residual strain is thus desirable.

Low deposition rate is accomplished by keeping the partial pressures of silane and germane low.

However, the combination of a low deposition rate and a gentle alloy gradient yields long

deposition times, a potential practical impediment. High deposition temperature causes other

problems. Gas phase nucleation, which causes particulate contamination of the surface and

formation of a non-epitaxial film, is activated with temperature. Another practical problem with

high deposition temperatures is coating of the chamber wall can occur. Since stopping the

deposition in-progress is undesirable, it is important that chamber deposition be kept sufficiently

low that quartz transparency is maintained.

The primary tools used for material quality determination, other than device fabrication,

have been AFM, TEM, RAMAN spectroscopy, EMP, RBS, and anisotropic etches. AFM is of

particular interest, as it can be done nondestructively with rapid turnaround on the full-wafer Park

Scientific atomic force microscope in the Stanford Center for Integrated Systems. The strain

reduction process results in surface undulations in the material. When grading is done from silicon

to pure germanium, the peak slope of these undulations is approximately one degree with a mean

spacing between local peaks of order 5 to 10 micrometers. These are the result of the system's

attempt to minimize energy - when the equilibrium mean lattice spacing of an alloy being deposited

is greater than the available mean lattice spacing of the exposed alloy surface, the system uses its

degree of freedom in the z-direction to increase the mean spacing between deposited atoms. This

yields coherent surface undulations in the [110] and [1-10] directions on the surface. For films

deposited at sufficiently high temperature, sufficiently shallow alloy gradient, and at sufficiently

low deposition rate, these undulations extend for thousands of micrometers. On films deposited

under less optimal conditions, these undulations can be quite short, even 10 micrometers or less, at

35



which point their orientation becomes difficult to determine. Another indicator of poor quality is

observed in films deposited with an excessive temperature schedule -- round pits appear in the

surface. These are suspected to be due to gas-phase nucleation yielding particulate contamination

of the surface and a resulting disruption of "uniform" epitaxial deposition.

Since the source and drain of the FETs are n-type, p-type doping for the body is needed.
The substrate is thus boron doped, and diborane is flowed with the germane during formation of

the germanium cap to yield a boron concentration of approximately 1017/cm3 there. To effect good

contact between the substrate and the FET bodies, it is also desirable to dope the graded-alloy

region. Extensive work was done to achieve this. However, it was found that the use of diborane

during the graded-layer formation reduced the deposition temperature at which surface pits,

considered to be due to gas-phase nuclei, were formed. Additionally, chamber-wall deposition

was seen to increase with the addition of diborane. Whether the reduction in film quality with the

addition of diborane is an intrinsic effect or is due to nonidealities with the Stanford system is

unclear. Nevertheless, it was decided to limit the boron doping to the surface region and use an

"intrinsic" graded layer.

Chamber deposition was a considerable problem before it was recognized that the
"standard" chamber cleaning procedure used with the reactor, which concluded with a 1050 C

deposition of silicon on the susceptor with an atmospheric-pressure mixture of dichlorosilane and

hydrogen, was "seeding" the chamber walls and facilitating the subsequent deposition of material

there during the long epitaxial process. Replacement of this susceptor coat with a 750 C silane-

and-hydrogen process substantially reduced the chamber-coating problem.

After device-grade epitaxy is achieved, the next challenge is the development of an

insulator. The most promising candidate is probably an NO thermally grown germanium-oxinitride
gate. However, NO, N20, and NH4 atmospheric furnaces are not readily available in the Stanford

lab, and therefore deposited SiO2 was used, using silane and oxygen at 200 mtorr and 400 C. The

problem with this method is that during the deposition thermal oxidation of the germanium at the

surface can occur. An improvement in interface quality was observed when a thin silicon layer
was deposited on top of the germanium immediately prior to oxide deposition. Immediately after

etching away the field oxide over the device active area in dilute hydrofluoric acid, wafers are

loaded into the reactor load-lock, purged in nitrogen for an hour, and loaded into the reaction

chamber at an ambient temperature of 100 C or lower. After a further hydrogen purge, the

temperature is ramped up to 400 C, where silane is flowed for 3 minutes, with hydrogen flow

maintained throughout. Since the desorption of hydrogen from a silicon surface is generally the
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rate-limiting step in silane CVD, and since hydrogen bonds much more readily with silicon than

with germanium, this process is effectively self-limiting -- silicon deposits on the exposed

germanium surface but, once the surface is all silicon, hydrogen bonds with the surface and the

growth is virtually blocked. Oxide deposition immediately follows this process.

The gate electrode is also formed in the epitaxial reactor. In-situ boron-doped Ge0 3oSio.70 is

readily deposited at 500 C with a resulting resistivity of I mohm-cm. No further activation anneal

is required. Deposition is initiated with a silicon seed layer. This is made thick enough (at least

several extrinsic Debye lengths) to establish a well-defined workfunction at the electrode-insulator

interface. Then, to avoid problems associated with band discontinuities, the germanium fraction is

gradually graded up to 30%. After the bulk of the gate is thus deposited, the germanium fraction is

continuously reduced back to zero and the growth is completed with a silicon capping layer, used

to present a well-understood surface for later processing.

The remaining fabrication is standard silicon MOS -- implant 10' 5/cm 2 arsenic at 25 keV,

activate the dopant at 500 C, deposit an LTO sub-metal dielectric, etch contact holes, and deposit

and pattern titanium and aluminum sputtered metal. Finally, a 275 C forming gas anneal is done to

improve the oxide-semiconductor interface and the conductivity of the metal-semiconductor

contacts.

Initial testing of completed devices is expected to begin by the end of March 1996. Testing

of strained-Ge devices is expected in April.
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UNIT: 6

TITLE: Portable Video on Demand in Wireless Communication

PRINCIPAL INVESTIGATOR: T. H. Meng

GRADUATE STUDENT: K. Precoda

I. Introduction

This research aims at providing low-power video compression for portable wireless video

applications. We developed a power efficient video encoder architecture that uses pyramid vector

quantization (PVQ) to compress video data. The decoded image quality using this encoder is better

on average in terms of PSNR than JPEG.

In wireless communication, the available bandwidth generally changes with time. Our

PVQ encoder, therefore, adjusts the frame rate according to the available bandwidth. If a large

bandwidth is available, we increase the frame rate, improving the video quality at the receiver. If

the bandwidth is limited, we decrease the frame rate, which results in degraded video quality. This

ability to dynamically vary the compression rate allows the encoder to adaptively vary the amount

of video data transmitted to achieve the best image quality for a given available bandwidth.

To handle variable frame rates while consuming the absolute minimal power, which is

critical in portable systems, we propose to use circuits whose speed/power consumption can be

adjusted by actual encoder throughput requirements. Our approach is to design a power supply

controller that can adjust the DC voltage to control the desired performance. At high frame rates or

when large bandwidth is available, the encoder would operate at high voltages, and, therefore,

higher frequencies, allowing more image pixels to be processed per second. If smaller bandwidth

is available, the supply voltage need not operate at a high voltage and is decreased appropriately to

allow efficient operation at the required throughput. The encoder, therefore, consumes the

absolute minimal power necessary to meet the frame rate of the encoder.

II. Power-Supply Regulation

In order to provide a variable supply voltage as a function of the processing speed required,

the voltage regulator must rapidly vary the supply voltage to meet the required throughput rate,

while maintaining high power efficiency. We have designed a dc-dc switching regulator that
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achieves efficiency in excess of 90% with a tracking speed of under I ms. The regulator supplies

efficiently from a few milli-Watts to several hundred milli-Watts for all supply voltages of interest.

A. Introduction to Switching Regulator

The switching regulator works by chopping the input battery voltage to generate a wave of

pulses. These pulses pass through a second-order low-pass filter, which reduce the ac component

to an acceptable ripple. The chopping is accomplished by active devices, which are integrated on a

single chip to meet the size and weight requirements in portable applications. The inductor and

capacitor, which form the low-pass filter, cannot be integrated to standard CMOS process,

unfortunately, because of their large inductance and capacitance values. Consequently, off-chip

inductors and capacitors are used.

B. Low Power Techniques For Switching Regulators

The switching regulator can ideally achieve 100% efficiency. There are three main sources
of dissipation which cause the conversion efficiency to be less than unity: conduction loss in the

chopping transistors, switching loss due to parasitics, and gate drive loss.

To improve the conversion efficiency, we employ synchronous rectification and fixed

pulse-width voltage modulation. A diode is typically placed between a ground and the input to the

low-pass filter to drive the pulse to zero volt. For low-power applications, the voltage drop across

the diode causes significant power loss compared to the power delivered. This conduction loss is

minimized by replacing a diode with a gated NMOS, which reduces the conduction loss

substantially. This use of NMOS is called synchronous rectification.

The output voltage is approximately equal to the input voltage multiplied by the duty factor.

The duty cycle can be changed arbitrarily by varying the pulse-width or keeping the pulse-width

constant and varying the operation frequency. Unlike most traditional switching regulators, we
use the latter approach of modulating the output voltage. By keeping the pulse-width constant and

varying the operation frequency, the size of the optimal chopping transistors remains relatively

constant for varying operating conditions. The amount of energy delivered per pulse remains

invariant to varying load sizes, allowing a PMOS transistor sizing that is optimal for all loading

conditions.

C . The Feedback Loop

The chopping of the supply voltage makes the converter intrinsically a nonlinear system. Methods

of approximating this non linearity to a linear system for a small region of operation and
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performing appropriate feedback compensation techniques are well known. Since our encoder

must operate at wide load conditions as well as operating voltages, the location of the poles and

zeros move by substantial amounts. To maintain stability with a fast response time, the converter

needs to track the large movements of poles and zeros and place the compensating poles

appropriately. This complicates the controller, which increases power dissipation and lowers

efficiency. A nonlinear feedback controller is, therefore, employed requiring only a few adders

and comparators. This controller is shown to be stable for all operating regions of interest.

III. Low-Power PVQ Encoder

A real-time, low-power video encoder for pyramid vector quantization is estimated to

dissipate only 2. 1mW for video compression of images of 256x256 pixels at 30 frames per second

in 0.8-rricron CMOS technology with a 1.5V supply. Applying this quantizer to subband

decomposed images, the quantizer performs better than JPEG on average. We achieve this high

level of power efficiency with image quality exceeding that of variable rate codes through efficient

algorithm-to-hardware mapping.

Pyramid vector quantization (PVQ) is a quantization technique first introduced by Fisher as

a fast method of quantizing and coding Laplacian-like data. PVQ is a fixed rate coding technique

with compression performance asymptotically equivalent to a uniform scalar quantizer with entropy

coding. PVQ compression capabilities and its fixed rate property, which prevents catastrophic

error propagation, are well suited for transmission over noisy, wireless channels.

Our PVQ encoder operates by grouping multiple independent and identically distributed

subband coefficients into a vector and finding the index of the nearest lattice point on the surface of

a 1-dimensional hyperpyramid. The regularity of a pyramidal shape in multi-dimensional space

allows simple recursive equations to assign unique indices to each point on the pyramid.

Computing codeword indices rather than employing a large look-up table stored in memory is

critical in low-power architectures, since memory operations consume far more power than

arithmetic computations, often by several factors for on-chip memory accesses, not to mention the

power needed for off-chip memory access.

The original PVQ encoder algorithm was modified to provide more parallelism and

pipelining in the architecture, allowing the encoder to efficiently quantize vectors with dimensions

as large as 256. This was the key to achieving high compression efficiency while maintaining

good image quality at very low power levels.
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IV. Conclusion

The goal of this research was to study the energy-on-demand design methodology for

implementing low-power video compression systems. The methodology introduced using our

dynamic variable supply voltage, however, can be employed in various other digital signal

processing applications, where the required throughput rates are time-variant. We are exploring

other applications for this energy-on-demand design methodology.
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UNIT: 7

TITLE: Adaptive DFE for GMSK in Indoor Radio Channels

PRINCIPAL INVESTIGATOR: J. M. Cioffi

GRADUATE STUDENTS: R. D. Wesel and K. Jacobsen

I. Introduction

Point-to-multipoint transmission problems are finding increasing application in broadcast

and data communication networks. Such problems were the main focus of the supported JSEP

research. Two Ph.D. students are matriculating in 1996 in these areas, Richard Wesel and Krista

Jacobsen. Both have significant results, as reported below, and several published or pending

papers under this contract's support.

Super-redundancy - R.D. Wesel

Rick Wesel's work focused on broadcast coding methods. In this area, a single source of

digital information sends the same information to may remote users, with no feedback path. The

transmission paths may vary from user to user and with time for a particular user. Such a situation

is characteristic of terrestrial or satellite broadcast networks.

Rick found that to optimize a transmission system fully, the channel characteristic must be

known to both the transmitter and the receiver. The consequent optimal action of the transmission

system is then a function of this known channel characteristic. In the broadcast case, each user has

a different channel characteristic and all are unknown to the transmitter. However, the maximum

data rate that could be achieved by each of these users is roughly the same that should achieve at

least the worst-case capacity on all the channels. Rick found this rate can be achieved without

having to use different codes/designs for the different user paths.

Rick's work then progressed to a search for such a robust code, and several have been

found as well as a general search procedure. These codes and the search procedure are described

in Section II.

Multipoint-to-point access protocol and analysis - K. Jacobsen
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The main focus of Krista Jacobsen's research has been the mechanisms for upstream

access in a point-to-multipoint transmission architecture. The specific architecture studied was

tree-structured coaxial networks, but the results also apply to wireless and local-area networks.

This work has produced a number of protocols and contention resolution methods for

multicarrier transmission with such networks. In particular, a combination of time and frequency

division access are combined at the physical transmission layer to improve throughput versus

latency trade-offs in such networks, as described in Section III.

A method for network synchronization and coordination was postulated for a multicarrier

transmission system and reservation-based access protocols were investigated. Significant

improvements in throughput and efficiency were obtained with respect to time-only multiplexing.

Both sets of work have resulted in a reasonable level of publication as reported in Sections

II. and Il.

II. Trellis Codes for Correlated Fading - Rick Wesel

The Problem

Consider transmission over one or more channels subject to fading in time or frequency

such that the fading can be estimated at the receiver but is unknown to the transmitter. An

important example of this is digital video broadcast as shown in Fig. 1. This scenario also occurs

in single carrier modulation in the presence of flat fading and frequency hopped transmissions in

the presence of frequency selective fading. Our work during this period has resulted in a trellis

code design technique that provides reliable performance on a much wider class of fading patterns

than previous fading channel coded modulation techniques.

Performance of an example code designed using the new technique demonstrates

consistently good bit error rate performance over a wide range of fading behavior. It is well

known that an Ungerboeck--style trellis code concatenated with a forward error correction code

can give performance approaching the channel capacity of an additive white Gaussian noise

channel. The new code design technique combined with a forward error correction code can

approach capacity simultaneously for a whole class of frequency selective channels, within the

limitations of a fixed transmitter power spectrum. Thus, the new design technique provides trellis
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codes that are ideal for use in broadcast transmissions where a single transmission must work for a

variety of different channels.
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Figure 1: Digital Video Broadcast.

These new codes have already generated significant interest in industry. Telia Research, the

Swedish telecommunications company, is exploring how these codes can be used to provide

reliable wireless data links between a base station and a mobile user. Here again the transmitter

cannot specialize the transmission to the particular fading. Unlike the broadcast situation, there is

only one fading pattern. However, the transmitter does not know what that fading pattern is. Thus

a robust code is required.

The Subchannel Decomposition
Regardless of whether the fading is in time or frequency, the overall subchannels with

different SNRs are shown in Fig. 2. The new code design technique is based on two observations

involving this subchannel decomposition. First, the number of coded bits transmitted per symbol

needs to approach the subchannel capacities of the high capacity subchannels. Second, code

distance must be carefully distributed to ensure that as many uncorrelated subchannels as possible

can contribute to decoding.
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Figure 2: Overall subchannels with different SNRs.

Super-Redundancy

The first requirement, that the number of coded bits transmitted per symbol be large,

implies that good fading--channel trellis codes will have a large amount of redundancy. This

concept of super-redundancy can be contrasted with the additive white Gaussian noise channel,

where it was shown that only one bit of redundancy is required [Ungerboeck]. In the fading

environment, the subchannel capacities can vary by a large amount. To efficiently use the channel

as a whole, each individual subchannel must be used efficiently. This requires that the number of

coded bits be large enough that the high capacity subchannels can be fully utilized.

Code Distance Distribution and Correlation in Fading

It is well known that trellis codes designed for fading channels should distribute distance

over as many codewords as possible. This concept of maximizing "effective code length" was

formalized [Wilson and Leung] almost ten years ago. Our new code design technique takes this

concept one step further. There is correlation between adjacent symbols in time or frequency, and

our code design metrics consider the distance associated with groups of adjacent frequencies or

time symbols together. This ensures that distance is not accidentally concentrated on a group of

symbols which will experience correlated fading.

Previous techniques use interleaving to make the fading appear locally uncorrelated. This

interleaving is combined with codes designed for fading assumed to be completely uncorrelated.

Interleaving is still used in our new codes to allow short constraint lengths. However, unlike
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previous techniques, the permuted correlation in the interleaved fading channel is a primary

consideration the code design procedure.

To utilize this correlation information in a straightforward way, periodic interleaving is

used. The interleaving period is chosen small enough that symbols within one period are
essentially uncorrelated. Symbols separated by multiples of the interleaving period are extremely

correlated. Thus symbol--error distances on symbols separated by multiples of the interleaving

period provide exactly one "diversity branch".

The code design search procedure finds the trellis code that spreads code distance as evenly
as possible on as many of these diversity branches as possible. The number of diversity branches

in such a scheme is upper bounded by the period of the interleaver. However, if this period is
chosen correctly, that is also the limit of the diversity present in the fading environment. Detailed

discussions of the code design procedure can be found in the publications listed at the end of this

section.

Performance of the New Codes

To see how well the new codes can perform we consider the example of multicarrier

broadcast and consider the four different frequency responses shown in Fig. 3. A multicarrier
system with 512 subearriers in assumed and the desired information rate will be fixed at 1 bit per

symbol. Our code design procedure produces a rate 1/4 convolutional code which is used to select
points form a 16 QAM constellation. This code is compared with a standard code for multicarrier
broadcast of 1 bit per symbol -- a rate 1/2 code used to select points from a 4 PSK constellation.

Both codes have 64 states and thus require Viterbi decoders with the same complexity.

Figure 4 shows that the newly designed code provides consistent performance on all four
of these channels. At a bit error rate of 106 the new code has all four performance curves within a
band of 0.75 dB. The standard code performs I dB better on the Flat Channel (Channel 1).

However, it's performance becomes unacceptable as the frequency selectivity become more

pronounced. On the Step Channel (Channel 4), which is a step in the frequency response, the

standard code has bit error rates close to 1/2 for the entire range of the plot.

Conclusion

The new codes produced by this research provide reliable performance over a wide variety

of time/frequency fading patterns. This type of consistent reliability is unmatched by previous
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techniques, and the new codes will find applications in numerous data communication applications

including digital video broadcasting and wireless data networks.

III. Design and Analysis of Multipoint-to-point Discrete-Multitone-based

Networks - Krista S. Jacobsen

The Problem

As the deployment of hybrid fiber-coax (HFC) networks by both cable television and

telephone companies continues, efficient, cost-effective techniques to transmit digital multimedia

signals both to and from the home must be developed. Transmission channels in the downstream

direction (from the central site to the customer premise) are generally high-quality, and use of a

single-carrier modulation in broadcast mode is probably sufficient for downstream transmission.

However, the upstream bandwidth of HFC networks is often plagued by numerous transmission

impairments, including passband ripple, spectral nulls, and radio-frequency ingress. Hence, a

robust upstream modulation technique is required to ensure that effective communications can

occur in the presence of these impairments. Furthermore, because HFC networks are generally

configured in tree-and-branch topologies, as shown in Fig. 1, the return channel (upstream

bandwidth) is shared among many users, potentially thousands. Consequently, use of the

available upstream bandwidth must be coordinated somehow to ensure the channel is used

efficiently.

Remote

Remote Rmt
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Remote
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Figure 1: HFC network configuration.
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Discrete-multitone (DMT), a type of multicarrier modulation, has been shown in previous

JSEP-sponsored papers (i.e., [Jacobsen and Cioffi-a], [Jacobsen and Cioffi-b]) to offer significant

advantages for upstream transmission in HFC channels, particularly because DMT can optimize the

data rate on channels suffering from severe transmission impairments such as those prevalent in the

HFC return channel. However, to exploit these advantages and achieve improvements in the

overall network performance, an efficient multicarrier-based channel access protocol is required.

Many general protocol alternatives can be adapted to control multicarrier-based remote units, but

the challenge lies in developing a simple, easily managed protocol that separates, as much as

possible, the modulation from the protocol without losing the benefits gained by using multicarrier

transmission.

The goal of this work is to design and analyze DMT-based multipoint-to-point networks in

general and HFC networks in particular. Issues addressed include the gains in spectral efficiency

that can be realized by using DMT modulation rather than a single-carrier modulation with

equalization; methods for installing, synchronizing, and training multiple DMT-based remote units

[Jacobsen and Cioffi-c]; the performances of various channel access protocol alternatives for DMT-

based networks; and the differences in overall system complexity of single-carrier-based and DMT-

based HFC networks. In this document, recent work on the installation, synchronization, and

training procedures is presented along with preliminary results on one channel access protocol

designed specifically for multicarrier-based multipoint-to-point networks.

Procedure for Installing, Synchronizing and Training DMT-based Remote Units

Because HFC networks span large distances and must support a large number of remote

units, at all times, including during installation, it is desired that communications from any

particular remote unit to the central-site modem occur without disrupting in-progress data

transmissions by other remote units. Thus, when it is first installed on the network, before a

remote unit is synchronized it may only transmit while the other remote units are silent. First, the

remote unit loop-times its local clock with the central-site model clock, which is broadcast in a

downstream control channel. To enable remote unit installations, synchronization, and initial

training, silent intervals of a predetermined length are observed periodically in the upstream data

stream by all remote units on the network. The central unit transmitter constantly sends a trigger in

a downstream control channel to instruct installing remote units to send their installation

parameters. Upon receiving a valid installation signal during the silent period, the central-site

controller compares the signal's symbol boundaries to those of symbols transmitted by the remote

units currently operating. In general, there will be a difference in the symbol boundaries, and the

controller computes and sends the time delay required of the synchronizing unit to correct the
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misalignment. The remote unit then implements the requested sample delay and transmits a signal

requesting verification that it is synchronized. If the remote unit transmission is indeed

synchronous, the central unit controller sends a signal to that unit in the downstream channel to

indicate that no further shifting is required, and that the remote unit may now communicate with the

central-site modem incorporating the appropriate delay. Otherwise, the synchronization procedure

is repeated until the central-site controller determines the remote unit is synchronized. After the

initial symbol delay has been determined, unless a remote unit is moved or its connection to the

network is terminated, it should not have to be resynchronized. Failing to synchronize the remote

units to within a certain tolerance can result in interchannel interference, which can decrease the

achievable bit rates on the affected subchannels.

After receiving and incorporating the required sample delay from the central-site modem, an

installing remote unit transmits a wide-band signal during a specified number of upcoming silent

periods to train the central unit receiver. Because the newly installed remote unit is now

synchronized with respect to the other remote units, it can transmit using all of the symbols during

the next several silent periods for channel analysis. All other remote units remain quiet while the

remote unit transmits a training signal on the permissible subset of the subchannels allocated to it,

and the central unit controller records the bit capacity and magnitude and phase of each subchannel

from that remote unit. The bit capacities are used to determine subchannel assignments when the

remote later requests either a constant data rate or a packet transmission. Because the controller

allocates the subchannels to the various remote units every symbol period, it can apply the

appropriate subchannel magnitude/phase inverse to each subchannel to demodulate the received

signal. Hence, if the remotes are all properly synchronized, the signal arriving at the central unit

receiver, which is actually an aggregate of transmissions from a number of different remote units,

can be demodulated as though it were from a single remote modem, using the appropriate mixture

of subchannel magnitude/phase inverses.

After a remote has been installed, it is periodically retrained during another silent interval

reserved specifically for this purpose. As during the installation silent period, all remote units that

are not training remain quiet to allow the central unit controller to update its settings for the training

remote. Depending on the frequency of these silent intervals, the number of remotes on a

particular network, and other system parameters, each remote could be retrained as often as many

times per second or as infrequently as every few seconds.
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Design and Analysis of the Reservation-Based Multicarrier (RBM) Protocol

After the remote units have been installed, synchronized, and trained, they are capable of

transmitting without interfering with other remote units as long as they obey a channel access

protocol. One alternative for controlling transmissions from remote units so that data is always

transmitted collision-free is a reservation-based protocol. Under a generalized reservation-based

protocol, to obtain permission to transmit data a remote unit must first transmit a reservation

request. When a reservation has been granted, then the corresponding data message is guaranteed

to be received intact (channel noise notwithstanding) by the central-site modem. If reservation

requests are transmitted using the same bandwidth as data transmissions, then coordination of

reservation requests is necessary to ensure they do not interfere with data transmissions.

The Reservation-Based Multicarrier (RBM ) [Jacobsen and Cioffi-d] protocol has been

developed for multicarrier-based multipoint-to-point networks (such as HFC) in which data

transmissions scheduled by a central controller are desirable because remote units are unable to

detect whether or not the upstream channel is in use, and data transmissions and reservation

requests occupy the same bandwidth. Under the RBM protocol, each multicarrier symbol is

marked by the central controller as either reserved for data transmissions or available for

reservation requests. The controller, which resides at the central-site, broadcasts in a downstream
control channel a binary-valued "channel status" signal during every symbol period to inform the

remote units whether the channel will be in use for data transmissions during the subsequent

symbol period. Based on the status of the next symbol, a remote unit with a data message ready

for transmission either reschedules the request for a later time according to a nonpersistent

algorithm, or it sends its reservation request during the next symbol period on a randomly-selected

"frequency-domain slot." A frequency-domain slot is a set of subchannels in the frequency

domain that together support, during one symbol period, a bit capacity equal to the number of bits

required to transmit a "request for bandwidth" (RFB). Each RFB consists of at least the remote

unit's address, and it may also indicate the size of forthcoming data messages, quality of service

parameters, etc, depending on the network particulars. As an example of frequency-domain slot

partitioning, if there are N B-bit subchannels in the multicarrier system, and RFBs consist of kb

bits, then the subchannels are grouped into K sets of k subchannels. Because all remote units with

data ready for transmission may send their RFBs during any symbol period not reserved for

scheduled data transmissions, RFBs are subject to collisions with other RFBs. However, because

RFBs are generally short, the collision probability is fairly low, and partitioning the subchannels

into K sets ensures that collisions always overlap completely. A system allowing different

numbers of bits on each subchannel may group a different number of subchannels into each of the

K sets, but collisions still overlap completely, and the concept of frequency-domain slots still
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holds. Regardless of what method is used to divide the subchannels into frequency-slots, the

partitioning must be observed by all remote units.

After transmitting its RFB on one of the K subchannel sets, a remote unit waits a specified

period of time, determined by the round-trip propagation delay of the channel and the central unit

processing time, to ascertain whether or not its RFB arrived successfully at the receiver. If the
waiting remote does not receive a grant message from the central controller within a certain period

of time, which indicates that its RFB collided with another unit's RFB or was unintelligible to the

receiver for some other reason, it reschedules the RFB for a later time according to a delay

distribution. If the remote does receive a grant message before timing out, it begins to transmit its
message using all subchannels during the symbol period corresponding to the index sent by the

central controller. Figure 2 illustrates the protocol timing, channel status signal, and upstream

channel activity when a successful RFB occurs and the minimum delay is

incurred.
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Figure 2: Illustration of protocol with K = 4.
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To simplify protocol management, all multicarrier remote units are constrained to transmit

using the same bit tables. In other words, for all remote units, the number of bits bi on the i th

subchannel is the same. Note that the number of bits supported by subchannel i need not equal the

number supported by subchannel j, as long as bi and bj are the same across all remote units on the

network. Under the constraint of equivalent bit tables, the central unit receiver applies the same

decoding procedure to every received symbol. Therefore, the receiver does not need to know in

advance which of the remotes is transmitting an RFB or, for that matter, a message. Furthermore,

0.86

0.

0.2

10 10 10 10 10 10 10 10'
Offered load (mesaagowme9 aoO trinJon time)

Figure 3: Achievable throughputs of 32-subchannel (K = 4), 16 subchannel (K = 2), and 8 sub-
channel (K = 1, slotted single carrier) RBM protocols: 256 bits/message, 2 bits/subchannel, 16
bits/RFB.

although RFBs are transmitted on only a few of the available subchannels, messages are

transmitted using all subchannels in a symbol. Hence, if a symbol has been reserved for data

transmission, only one remote unit transmits during that symbol. This restriction simplifies

protocol management and enables the remote units to determine whether to transmit RFBs by

checking only the binary channel status signal.

Of interest for evaluating the performance of a particular protocol is the expected

throughput it enables at various loads. The throughput is defined as the percent of time the channel

is used for data transmissions. Figure 3 shows the achievable throughputs of the RBM protocol

with various numbers of subchannels as a function of offered load for a network with a = 1. A

constant message length of 256 bits was used with 16 bits per RFB, and the available transmission
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bandwidth was divided into 32 (K = 4), 16 (K = 2), and 8 (K = 1, slotted single-carrier) 2-bit

subchannels. Hence, the time required to transmit each message is the same for each scenario, and

the achievable throughputs for the various values of K may be compared without modification.

The figure illustrates that the throughput achieved by the RBM protocol is a function of the

offered traffic load and the expected number of successful RFB transmissions during a message

slot, which in turn is a function of the number of subchannel sets, K, available for simultaneous
reservation requests. For loads in the range from G = 0 to G = Gc, where Gc is some critical

value of the offered load, the slotted single-carrier version of the RBM protocol (K = 1) can

achieve a slightly higher throughput than K > 1 versions, whereas the K > 1 versions perform
significantly better when G > Gc. As a general rule, then, the throughput of networks with higher

numbers of subchannels degrades less severely as the offered load increases. It is important to

note that the offered load in a real system is likely to change significantly during operation. Hence,
at times the network load will exceed Gc, especially if the remote unit traffic sources are bursty.

The results presented imply that certain networks intended to support bursty traffic sources can
benefit significantly from using multicarrier modulation in conjunction with the RBM protocol.
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UNIT: 8

TITLE:. Robust Estimation Methods for Adaptive Filtering

PRINCIPAL INVESTIGATOR: T. Kailath

GRADUATE STUDENTS: Y. C. Pati and B. Hassibi

1 -Introduction

Our earlier JSEP-supported work was concerned with the use of spatial and temporal (signal)
structure in smart antennas for mobile radio networks. The work done there gradually led us to
consider, and to study, the robustness of the underlying algorithms with respect to model uncertain-
ties and lack of statistical information. In particular, of interest were adaptive filtering algorithms
which are widely used in communications (as well as in many other areas) for the identification and
equalization of channels.

Classical methods for such problems require a priori knowledge of the statistical properties of the
signals. In many applications, however, one is faced with model uncertainties and lack of statistical
information. Therefore the aforementioned methods are not directly applicable. Moreover, it is
not even clear what the behaviour of such estimation schemes might be if the assumptions on the
statistics and distributions are not exactly met.

Adaptive filtering techniques are currently widely used to cope with such model uncertainties
and lack of a priori knowledge. The methods currently used fall into the two general classes of
least-squares-based algorithms (such as recursive-least-squares or RLS) and gradient-based algo-
rithms (such as least-mean-squares or LMS). While the former class is derived from an explicit cost
function, it is suspect whether their robustness properties are always desirable. On the other hand,
the former methods are rather ad-hoc and do not follow from a rigorous framework. However, the
gradient algorithms are by far the ones most used in applications. Our work now provides some
analytic explanation of this fact.

In the last decade such problems have received great attention in control theory, where a so-
called HI approach has been extensively studied. It turns out, in particular, that the LMS algo-
rithm is H'-optimal, thus establishing the observed robustness of this very widely used algorithm.
We have also obtained some results on the robustness of least-squares-based adaptive filters. This
framework is currently being used to explore new adaptive filtering algorithms for nonstationary
scenarios.

2 Adaptive Filtering

The standard model assumed in adaptive filtering is the following:

di = hTw + vi, i>0 (1)

where {di} is an observed output sequence (often called the reference signal), {hi} is a known
input vector sequence, w is an unknown weight vector that we intend to estimate, and {vi } is an
unknown disturbance, which may also include modeling errors. We shall make no assumptions on
the statistics or distributions of the {vi}.

We denote the estimate of the weight vector using all the information available up to time i by

wi = K(do, dl,..., d,; ho, hl,.. hi).
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Figure 1: The model for adaptive filtering.

2.1 Least-Squares-Based Methods

There are a variety of choices for wi, but the most widely used estimate wi, is one that satisfies the
following least-squares (or H2 criterion):

min -w i12+ Z Id- - h'2]r (2)
j=0

where w- 1 is the initial estimate of w, and p > 0 represents the relative weight that we give to our
initial estimate compared to the "sum of squared-error" term Ej dj - hw12 . In the so-called
pure least-squares problems one takes p = co, so that the first term in the cost function of (2) does
not appear.

The exact solution to the above criterion is the RLS (Recursive Least Squares) algorithm:

wi wi-1 + kp,i(di - hTwi_1 ) , w- (3)

with kand P+= Pi - , P =j0 =I.

RLS has certain stochastic optimality properties: if we assume in model (1) that the w-w_ 1 and
{vi} are zero mean independent Gaussian random variables with variances p1 and 1 respectively,
then the RLS algorithm yields the maximum likelihood estimate of wi. In particular, it minimizes
the expected prediction error energy:

i

EliI ep I1= EZ lh7w - hTw-i2 (4)
j=0

2.2 Gradient-Based Algorithms

In gradient-based algorithms instead of exactly solving the least-squares problem (2), the estimates
of the weight vector are updated along the negative direction of the instantaneous gradient of the
cost function appearing in (2). Two examples are the LMS (Least-Mean-Squares)

and normalized LMS

= + hi(di - hTwi-1) , (6)
1 + phThi

algorithms. Note that in the case of LMS the gain vector kp,, in RLS (which had to be computed
by propagating a Riccati equation) has been simply replaced by phi. Likewise if we compare
normalized LMS with the RILS algorithm, we see that the difference is that instead of propagating
the matrix P via the Riccati recursion we have simply set Pi = JA, for all i. Therefore the LMS
and normalized LMS algorithms were long considered to be approximate least-squares solutions and
were thought to lack a rigorous basis.
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2.3 The Question of Robustness

We .noted that under suitable stochastic assumptions, H2-optimal adaptive filters have certain
desirable optimality properties. However, a question that begs itself is what the performance of
such filters will be if the assumptions on the disturbances are violated, or if there are modelling
errors in our model so that the disturbances must include the modelling errors? In other words

- is it possible that small disturbances and modelling errors may lead to large estimation errors?
Obviously, a nonrobust algorithm would be one for which the above is true, and a robust

algorithm would be one for which small disturbances lead to small estimation errors.
The problem of robust estimation is thus an important one. As we shall see in the next section,

the H' robust estimation formulation is an attempt at addressing this question. The idea is to
come up with estimators that minimize (or in the suboptimal case, bound) the maximum energy
gain from the disturbances to the estimation errors. This will guarantee that if the disturbances
are small (in energy) then the estimation errors will be as small as possible (in energy), no matter
what the disturbances are. In other words the maximum energy gain is minimized over all possible
disturbances. The robustness of the H' estimators arises from this fact. Since they make no
assumption about the disturbances, they have to accomodate for all conceivable disturbances, and
are thus over-conservative. So this is not necessarily the best solution and we are also exploring
weaker criteria.

3 The H Approach

We now apply the H' methodology to adaptive filtering (see [Hassibial for details).
To this end, consider the following three types of estimation errors:

(i) The prediction error:
I hTw - hTwi-1.

(1i) The filtered error:
ef,= hTw - hTwi.

(iii) The smoothed error:
e,i= hTw - hTwN.

Any choice of estimation strategy K will induce a transfer operator from the disturbances to
the above estimation errors. These we shall denote by

(i) Tp (K:): transfer operator from the disturbances {w - w- 1 , vi } to the prediction errors { e,,}.

(ii) T1 (K): transfer operator from the disturbances {w - w- 1, vi} to the filtered errors {ef'i }.

(iii) T,(K): transfer operator from the disturbances {w - w- 1,vi} to the smoothed errors {e. 2}.

Now for any choice of estimator, K, and any given input disturbance sequence {w - w- 1. v,}.
that yields the prediction error, {ep,i}, we may compute the energy gain

IleP11I2 (7)
p-lIw - w_ 12 + IvII '(

where llaIIl = lj jajI2 is defined as the energy of the sequence {a} and A is a positive constant.
Thus (7) is a measure of the "amplification" of the noise given our choice of estimator K. Now tim
ratio in (7) will clearly depend on the input disturbance, {w - w- 1, vi}. however, if we consider all
possible disturbance sequences {w - w-1, vi, then we can find the largest energy gain in (7). This
leads us to the definition of the H' norm of a transfer operator T.
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Figure 2: Transfer operator from the unknown disturbances {w - w- 1 , vi} to the prediction errors
{ep,i}. Likewise for T1 (K) and Ts(K).

Definition 1 (The Hw Norm) The H' norm of a transfer operator T is defined as

IITIl. = sup llTxll 2  (8)
xEh 2 ,X?0 I1X112

where h2 denotes the space of all square-summable causal sequences.

We now propose to choose the estimator K so as to minimize the H' norms of Tp(K), Tf(K)
and Ts(K). To be more specific we have the following problem.

Problem 1 (HI Adaptive Filtering Problem) Find estimators wi = Kp(do,..., di; ho,-, hi),
that minimize the maximum energy gain from disturbances to estimation errors for each of the

aforementioned errors, i.e. , find estimation strategies KP, Kf and Ks such that

S= inf w,hUP iw - w-iI2 + IIvI (9)

2_ h - w 2 + IIV1

l= inf SUP 1w w..1'+ (10)

and
_Y2 = inf sup [el (1

11W - W_12 + IVI12(

where w - w_112 = (w - w_)T(w - w 1 ) and p > 0 reflects a priori knowledge of how close w-I
is to w.

It turns out that nice solutions can be obtained for all three problems. The solutions to Prob.
1 are given below (see [Hassibia]), in which we have assumed that the input vectors {hi} are such
that

N

lim Z hTh i = oc.
N-oc t=0

Solution to (i): If p satisfies the bound

0< p <inf (12)
,hfh,

then 1I Tp(K) 1,c is minimized by the LMS algorithm with learning rate p,

wi = wi-1 + phi(di - hTw-1) , W-1
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and the minimum H' norm is given by

%=1.

Remarks:

(a) The fact that -yp = 1 indicates that there is no amplification of the disturbances. Thus
the prediction error energy will never exceed the disturbance energy.

(b) The above result is true only of the learning rate u satisfies the bound (12). This is in
accordance with the well-known fact that LMS behaves poorly of the learning rate is
chosen too large.

Solution to (ii): 1Tf (K) 11, is minimized by the normalized LMS algorithm

Wi =- Wi-1 + 1 h hid -hT _,W1

and the minimum H' norm is given by

-. j= 1.

Remark: Note once more that there is no amplification of the noise. Now, however, we have
no restriction on p.

Solution to (iii): II T5(K) 11, is minimized by the least-squares solution, and the minimum
H' norm is

Ys= 1.

Remark: Thus least-squares algorithms are H' optimal with respect to smoothing errors.

4 Robustness of Least-Squares Algorithms

Now that we have developed the H' optimality of the LMS and normalized LMS algorithms with
respect to prediction and filtered errors, it is natural to ask what the performance of the RLS
algorithm will'be with respect to these error criteria.

In order to answer the above question we need to compute the H' ° norm of the RLS algorithm.
Finding this H'0 norm essentially amounts to finding the maximum singular value of a linear time-
varying operator. Upper bounds on the H' norm can be found by checking for the positivity of
the solution of a certain time-varying discrete-time Riccati recursion. Although both approaches
can be used in principle, they require knowledge of all the input data vectors {hi1}.

Since in adaptive filtering problems we are given, and are forced to process, the data in real
time, we cannot store all the data and use the aforementioned methods to compute bounds for the
H' norm. Therefore the main effort in the results given below is to obtain bounds on H'0 norm
that use simple a priori knowledge of the {hi} and not their explicit values [Hassibib].

(i) For RLS, we can show

(v'R - 1)2 2 sup I<e < (\/-R + 1)2

w,v h 2  p -lw - l 12 + IIvI12

or to give a "looser" bound

( + h2 - 1)2 < sup Ile I2  < (V + ,h2 1)2,-I JW -l W _112 + IIVl12 - xi " 2 - 1 2

WVEh 2 P 1 2
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where
R = maxl + hTP~hi , 2 = maxhi12 , h2 = minIhI12 .i Z I

Remark: Note that, for large M, the H' norm grows as p. This shows that the pure least-
squares problem (with p = oc) is highly non-robust with respect to prediction errors.

(ii) For filtered errors we have

sup /I ef12 < ! 112 + 1)2 < 4,

w,vEh2 i-l1W _- W_112 + 11112

where
r = min 1 + hTPihi _ 1.

Remarks:

(a) Note that, as with normalized LMS, the H' norm does not depend on p.

(b) The above result for filtered errors is an intermediate stage between the smoothing error
case (where the H' and H2 optimal filters coincide) and the prediction error case (where
the performance of LMS and RLS can be drastically different.)

5 Future Work

The H' approach to adaptive filtering described in the previous section suggests several directions
for future research. We mention a few here.

5.1 Time-Varying Problems

So far we have assumed that the weight vector, w, is constant in time. In many applications
one needs to assume a time-varying, w, and must therefore devise algorithms that can track the
time-variations of the weight vector.

In such cases, one approach is to use windowing. Two common windowing schemes are the
following.

(i) Exponential Window: The exponential window gives (exponentially) larger weight to the
more recent data. In particular, the prediction error and disturbance energies are computed
as:

i. z

ZA-'iejl 2  and ZA-jlvl 2 , (13)
j=O j=O

where 0 < A < 1 is the so-called forgetting factor that is chosen based upon a priori knowledge
of how fast the weight vector varies with time.

(ii) Finite-Memory Window: In this case one only considers the last L data points so that
the prediction error and disturbance energies are computed as

i i

Z 1ej2  and : Iv312, respectively. (14)
j=i-L+l j=z-L+l

L is often referred to as the window length.

It is therefore useful to consider the H' filters that. result from such "windowed" definitions of
energy. The filters that are obtained in this fashion will have good tracking properties and. at the
same time, be robust.
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5.2 Mixed H2/H Estimation

Fig. 5.2 shows the (squared) singular values of Tp,rs and Tp,ims, (the transfer operators from
disturbances to estimation errors for RLS and LMS) for N = 50 (where N is the number of
observed data points) and p = .9, for a simple one-dimensional adaptive filtering problem. As can
be seen the maximum singular value for Tp,Lms is one, whereas for Tp,r.I it is much larger. On the
other hand, the RLS algorithm minimizes the Frobenius norm (the sum of the squared singular
values) of the transfer operator TK which can be visualized as the area under the curve of the
(squared) singular values. Thus if we choose disturbances uniformly from the space C"0, the RLS
algorithm will have better average performance than LMS, although its worst-case performance is
significantly worst.

2.5
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Figure 3: Singular values for 7p,rl. and 7,ira, for N = 50 and U = .9.

Note, moreover, that although the LMS algorithm does not allow any amplification of the
disturbances, it does not provide significant suppression of the disturbances, either. (The smallest
squared singular value for Tp,imrs which represents the minimum energy gain is roughly 0.65.) Since
the H' optimal filters are not unique (LMS is only the central solution), it is very interesting to
study the possibility of choosing other H' optimal filters to further reduce the Frobenius norm of
TK. This will result in algorithms that have the best possible average behaviour while at the same
time having the best possible worst-case performance. This framework is called the mixed H2/H
estimation framework and is an area that we intend to pursue.
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UNIT: 9

TITLE: Efficient Data Compression

PRINCIPAL INVESTIGATOR: T. Cover

GRADUATE STUDENTS: E. Erkip, P. Fahn, G. Iyengar,

D. Kimber, I. Kontoyiannis, A. Lapidoth and E. Ordentlich

AFFILIATED STUDENTS: V. Castelli and T. Jing

1 Scientific Objectives

We apply techniques of information theory to problems of efficiently compressing data, for the
purpose both of storage and transmission of data. Our results concern compression schemes
both for specific circumstances, such as specific noise profiles in communications channels,
and for general circumstances, such as human "non-algorithmic" image compression. How
much can be gained by customizing data compression to specific circumstances, as opposed
to using the convenience of established, off-the-shelf algorithms? During the past year this
work resulted in 9 supported papers and 1 Ph.D. thesis.

2 Summary of Research

One of the new innovations in this year's research on data compression is the work of G.
lyengar on the capacity of the voice channel. In most channels, one constructs waveforms that
are invulnerable to noise. In the voice channel, we use an independent source of white noise to
drive a filter which is chosen at the discretion of the speaker. The filter models the speaker's
vocal tract. We ask how many distinguishable filters there are in the presence of additive
white noise as heard by the listener. A solution of this problem will yield the capacity of the
voice channel, a characterization of an optimal vocabulary, the role of feedback in speaking,
models for languages, and finally, since we're able to model speech, the optimal method of
data compression associated with the voice channel.

The results of a multiyear project on image compression are being summarized in a
paper by T. Jing, T. Cover and R. Wesel and L. An. We have found that if humans are
allowed to intervene in a legitimate image compression experiment substantial improved data
compression can be achieved over existing JPEG standards. This is not a surprise because
our experiment requires over 100 man hours of work per image to achieve the desired data
compression. However, the magnitude of the improvement shows how far existing image
compression algorithms have to go before they achieve their ultimate limits.

In other work by P. Fahn, we are investigating the quantum theoretic correlations in
distributed measurements and observations. This leads naturally to questions of data com-
pression for quantum theoretic systems, or by means of such systems. These data compression
results will turn out to be nonclassical because the marginal distributions of measurements
have been shown, via Bell's inequality, to be inconsistent with any multivariate distribution.
In a sense, there is no underlying physical reality with which the observations are consistent.
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3 Detailed Research Descriptions

3.1 Image Compression

Our experiment to compare the image compression abilities of humans and computers is in its
final stages. Our goal is to estimate the minimal rate, in bits per pixel, at which an image can
be compressed without incurring significant perceptible distortion. First, one experimental
subject simplies a given image without significantly distorting it, and then another subject
predicts the simplified image, pixel by pixel, as accurately as possible. The accuracy of
the second subject's predictions can be quantified to yield an estimate of the entropy of the
simplified image. Not only will our results be useful as a benchmark to researchers in the field,
but the experimental framework itself may lead to a new algorithm for data compression. A
paper detailing the results of the experiment is currently under preparation.

3.2 Voice Channel

The thrust of this research is to develop a characterization of the capacity and optimal coding
vocabularies of voice channels, which are mathematical models intended to capture properties
of human speech generation. This research area will provide guidance on data compression
for a voice channel or other channels with similar characteristics.

Consider a communication system with a channel characterized by a linear filter g in
an additive Gaussian noise environment, i.e., y(t) = u(t) * g(t) + z(t), where z(t) is white
noise and u(t) is the channel input. Instead of fixing the filter g(t), which is the traditional
approach, we fix the input signal u(t) and attempt to choose a distribution on the space of
linear, passive, causal filters g(t) that maximizes the mutual information between the output
and the filter. This model and its discrete-time analog are, we propose, an approximate model
for the voice generation process

3.3 Feedback in Communication

It was recently shown by [Pombra and Cover] that the maximum achievable throughput (sum
of rates of all users) of a Gaussian multiple access channel with feedback is at most twice
that achievable without feedback. We prove [Ordentlich] a somewhat stronger result which
establishes the factor of two bound not only for the total throughput but for the entire
capacity region as well. Specifically, we show that the capacity region of a Gaussian multiple
access channel with feedback is contained within twice the capacity region without feedback.

We have recently extended the factor of two bound on the capacity region of Gaussian
multiple access channels to channels with inter-symbol interference (ISI). For single user
Gaussian channels there is no information theoretic complication introduced by the addition
of a causal linear filter at the transmitter. If the filter is invertible, the channel can be
transformed into an ISI-free channel with an appropriately modified noise spectrum. For the
multiple access channel, if the ISI filters are not identical for all transmitters, as is the case in
practice, no such transformation is possible. This new result demonstrates that in wireless
communications networks, once steady state has been reached via power control and channel
learning, the maximum additional gain in capacity region afforded by receiver-to-transmitter
feedback is limited to a factor of two, no matter how cleverly the feedback is used.
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3.4 Robustness of Communication

Lapidoth, in a series of papers [Lapidoth 1], [Lapidoth 2], [Lapidoth 3], has considered the
robustness of signaling in the presence of noise in an unknown environment. It is well known
that Gaussian signals and matched filter decoding is optimal for signaling with a power
constraint over an additive white noise Gaussian channel. This is the basis for much of
the signaling which is done, say, in deep space communication or in mobile communication.
Lapidoth is able to show that even if you fix the receiver to be a matched filter receiver
and continue to use the same signals, the information will get through the channel no matter
what the noise is, just so long as the total noise power is not increased. Specifically, if the
distribution of the noise is changed from Gaussian and independent to non-Gaussian and
arbitrarily time dependent, as long as the noise power is not increased, the channel will still
work and the probability of error will be exponentially small. This shows the robustness of
existing communication schemes to changes in the underlying assumptions on the model.

3.5 Universal lossless compression

We investigate the convergence properties of optimal data compression algorithms. The two
major directions of this research are entropy (redundancy) estimation for text and images,
and calculation of the exact distribution of codeword-lengths for large data sets.

In a series of papers [Kontoyiannis and Suhov 1], [Kontoyiannis and Suhov 2], [Kontoyi-
annis, Algoet and Suhov], we have investigated the convergence properties of several entropy
estimation algorithms. These algorithms are suggested by optimal data compression schemes
that are based on pattern-matching, such as the celebrated Lempel-Ziv algorithm for text
compression. Our results prove the optimality of some existing methods and also suggest
new algorithms for the efficient estimation of the redundancy withing any given data set.

The results along the second direction of this research provide a second-order analysis of
the distribution of the size of losslessly encoded data. We prove a second-order refinement to
Shannon's (lossless) Source Coding Theorem. In essence this result says that the distribution
of the deviations of the compressed data size from its mean is, at best, Gaussian. The
minimum variance of this Gaussian is a quantity characteristic of the source, and it provides
a theoretical bound on the variance of the encoded data size.

3.6 Quantum Data Compression

As feature sizes on electronic devices continue to shrink, there is fear that quantum effects
will become significant and hinder reliable functioning. A few researchers have started to
realize, however, that the strange properties of quantum systems can be exploited to great
advantage. A quantum bit is not restricted to the "classical" values 0 and 1, but can take
values anywhere in a two-dimensional Hilbert space. If we can find practical methods to
compress data using quantum bits, therefore, the efficiency achieved could greatly surpass
the limits of classical data compression.

Of course if quantum bits are so efficient, they may be used throughout the computation
and communication processes. Therefore we have been studying the possibilities for quantum
data compression of quantum data as well as of classical data. If a quantum source generates
data described by a density operator p, data compression limits can be established using the
Von Neumann entropy -kTrp log p, instead of the Shannon entropy used in traditional data

67



compression. Furthermore, one can compress partly entangled pairs of quantum particles
into a small number of completely entangled pairs - the so-called Bell states - which can
then be used for efficient communication of quantum data.
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Foreword: Materials as Hierarchical Systems

The late C. S. Smith [1] expounded a "systems" view of materials as hierarchical
structures with properties governed by dynamic evolution in processing and in service.
The Smith Philosophy has been developed into a methodology for rational design of
complex materials, pioneered by the multi-institutional Steel Research Group (SRG)
program centered at Northwestern University [2-4], demonstrating successful application
in high toughness ultrahigh-strength alloy steels [4,5]. This view of a secondary-
hardening martensitic alloy steel as a system is summarized in Figure 1 [2], depicting the
hierarchy of microstructural subsystems controlling the required set of properties for
desired performance, and the sequential processing subsystems which in turn control
structure. Organized within this framework, basic research integrating materials science,
applied mechanics and quantum physics has focused on key process/structure and
structure/property relations, defining quantitative microstructural objectives expressible in
thermodynamic terms (including scaling factors governing dynamic evolution), and the
THERMOCALC thermochemical database and software system [6] has been applied as an
integrative design tool predicting multicomponent alloy composition capable of achieving
desired multiphase microstructures under prescribed processing conditions. The successful
application of this approach in ultrahigh strength steels has made possible an undergraduate
course in Materials Design [3], and the extension of thermodynamics-based systems design
to ceramics and polymers is now being undertaken within the Department of Materials
Science and Engineering at Northwestern [7].

C. S. Smith also emphasized the strong parallels between engineering materials and
the hierarchical structures of the biological world [1,8]. The discovery that relatively
primitive biological systems such as viruses and bacteria exploit such sophisticated
materials technology as martensitic transformation plasticity and the shape memory effect
[9] reinforces this parallelism. In response, an active area of current investigation is the
field of biomimetics [10,11] in which complex biological systems are investigated to
incorporate biological principles in the rational design of more sophisticated engineering
materials. This has inspired the notion of extending materials structure to both higher
levels of hierarchy and more dynamic character to achieve "adaptive" or "smart"
microstructures programmed to evolve along predetermined pathways in response to a
given stimulus to achieve novel properties. Such programming "brings to life" Smith's
seminal vision of dynamic hierarchical materials.

The research reported here is aimed at extending the SRG systems design approach
to higher levels of structural hierarchy, while incorporating more dynamic character in the
form of adaptive system concepts via a synergistic integration of materials science and
applied mechanics. The research addresses both the methodology of rational design at new
levels of materials complexity, and the fundamental principles of specific materials
behaviors necessary to support quantitative design. Research addresses adaptive multilevel
microstructures in two broad areas for applications of advanced ferrous alloys:

(a) Gradient Systems with application in high performance gear technology and
advanced armor, achieving novel strength/toughness combinations through control of
coherent carbide precipitation in processing and tuned-stability cracktip transformation
plasticity in service.

(b) Biomimetic Laminate Systems combining an oxidation resistant and high-
temperature creep resistant matrix alloy with a thermodynamically compatible ductile
reinforcement consisting of a shape memory alloy imparting biologically-inspired ductile-
crack-bridge toughening via thermoelastic martensite pseudoelasticity at low temperatures,



and shape-memory-induced crack clamping for diffusional damage healing at high
temperatures.

These areas are chosen both to represent challenging problems in hierarchical
design and to respond to performance needs specific to Army applications which pose
some of the most severe requirements for high performance ferrous alloys. Designed
gradient systems offer the potential for a new generation of high power density gear
systems exploiting the greatly increased fatigue strength of higher case hardness levels as
well as the greater thermal stability of secondary hardening steels to allow both lighter
weight gears and higher gear system operating temperatures desired for helicopter
transmission systems. Tough high-hardness alloys offer a new generation of shatter-
resistant ultrahard armor steels with higher V50 ballistic penetration resistance and greatly
improved resistance to plastic shear localization, of particular interest for lighter aircraft
armor systems and ballistically tolerant components. The especially challenging problem of
the biomimetic laminates not only tests the limits of materials design, but holds promise for
tank turbine applications such as the current AGT1500 which makes extensive use of
ferrous superalloys. Sufficient improvement of creep-strength/ductility combinations in
ferritic-based composites would allow exploitation of their superior thermal conductivity
and lower thermal expansion to displace current austenitic alloys.
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Research Progress

A. Problem Statement

While quantitative property objectives are important to obtain sufficient focus of basic
research coordinated within an interdisciplinary systems design framework, the primary
objectives of this research effort are the fundamental principles and basic data necessary to
support rational design. This includes the principles of microstructural evolution during coherent
carbide precipitation for efficient strengthening without embrittlement, the control of metastable
austenite precipitation for optimal-stability transformation toughening, the behavior of
pseudoelastic crack-bridge toughening, and the shape-memory-based healing of internal
composite damage. The research emphasizes the dynamics of microstructural evolution in
processing and in service, and the design methodology for control of multilevel dynamic
hierarchical microstructures as programmed adaptive systems.

Specific property targets which guide the conceptual design of prototype materials for
evaluation are a case hardness of Rc70 for the secondary hardening gear steels, offering the
potential for a 60 pct. increase in contact fatigue strength. Desired core properties should
maintain a KIC toughness of>60 MPa'fi at Rc50 hardness to provide a critical flaw size superior
to current aerospace gear steels, while maintaining thermal stability up to 400C. Armor steel
objectives are a transformation toughened secondary hardening steel of Rc57 hardness with
KIC > 80 MPa,,fi for shatter resistance. Specific operating temperature requirements for the
shape-memory reinforced superalloy laminates would be 600-700C with a 105hr creep strength
of 100 MPa.

B. Summary of Results

B.1 Gradient Systems

The system structure of Figure 2 represents our long-term goal in expanding our
approach to high power density gear systems to higher levels of structural hierarchy. The
approach considers not only the case/core gradient system of the gear steel itself, but the
integrated design of compatible surface hard coatings and associated interfaces, ultimately
incorporating design of gear shape to optimally exploit new material properties. Also
represented are alternative processing routes to provide cost-effective manufacturing strategies
for specific application areas. Research thus far has addressed the conventional forging and
machining route appropriate to military helicopters, focussing on the case/core gear steel
subsystem.

Before further discussion of the gradient gear steel, we next examine the underlying
phenomena allowing the desired control of strength and toughness in such systems.

a) Strengthening

The first dynamic problem of interest in the systems of Figures 1 and 2 is the evolution of
coherent carbide precipitation controlling strength. The pioneering work of Speich [12]
established that good toughness in secondary hardening alloy steels demands near-completion of
M2C alloy carbide precipitation in order to dissolve transient cementite (Fe 3C) particles that
otherwise contribute to microvoid nucleation during ductile fracture. The challenge to
maintaining strength in such an overaged condition is to maintain a fine carbide particle size. A
thorough electron microscopy study of M2C precipitation in the commercial AF1410 steel [13]
was performed in the doctoral research of J. S. Montgomery (now at ARL/MD) in conjunction
with Small-Angle Neutron Scattering (SANS) studies by Weertman and coworkers [14],
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demonstrating coherent precipitation behavior consistent with recent theory of precipitation at
high supersaturations [15,16]. In this regime the fundamental scaling factor governing particle
size (and thus alloy strength) is the initial critical nucleus size which scales inversely with the
thermodynamic driving force for precipitation; the time scale of precipitation is governed by a
diffusion time defined by the coarsening rate constant. To compute the thermodynamic driving
force for coherent M2 C precipitation, the doctoral research of K. C. King with Professors T.
Mura and P. Voorhees addressed the elastic self energy of the coherent carbides [17], and also
explored the elastic interactions with dislocations during heterogeneous nucleation [18].
Incorporating the composition dependence of the carbide lattice parameters, the
THERMOCALC chemical thermodynamic database was then modified to incorporate the
additional elastic self energy contribution to the thermodynamics of coherent precipitation. To
control the time scale of precipitation, theories of coarsening kinetics in multicomponent systems
were developed by Kuehmann & Voorhees [19] and Umantsev [20] to define a multicomponent
diffusional rate constant.

Our more recent work has tested model predictions in a series of 16Co-5Ni-0.24C steels
with the Cr and Mo contents represented in Figure 3 displaying contour plots of predicted
coherent precipitation driving forces and coarsening rate constants. An X-ray diffraction study
of the precipitation hardening behavior of these alloys was initiated by Visiting Scientist S. Endo
of NKK Japan and correlated with model predictions by Research Scientist C. J. Kuehmann [4].
Measured peak hardness shows a strong correlation with the coherent precipitation driving force,
Figure 4, after taking into account the "paraequilibrium" condition of prior precipitation of
cementite under carbon diffusion control. Figure 5 shows a good correlation of the measured
precipitation half time and the predicted multicomponent coarsening rate constant calculated for
a condition of 50% relative supersaturation. The models thus provide the basis for
thermodynamic prediction of strengthening and precipitation rate with useful accuracy.

Toward improved precision of the M2C coherent thermodynamics, the recently
completed doctoral research of C. Knepfler [21], with ceramist Prof. K. Faber, has addressed the
synthesis and characterization of (Mo,Cr,V,Fe)2C carbides in bulk form, measuring the
composition dependence of lattice parameters, thermal expansion and isotropic elastic moduli as
inputs into a more precise treatment of the composition and temperature dependence of the
carbide elastic self energy. Measured lattice parameters of the (Mo,Cr)2C system are
summarized in Figure 6. Measured elastic constants were also applied to an analysis of the
critical particle size for the shear/bypass transition in precipitation strengthening of steels, and
carbide heat capacity vs. temperature was measured defining Debye temperatures for a more
precise description of the M2C chemical thermodynamics.

The doctoral research of R-H. Liarng with Prof. Mura has incorporated Knepfler's
measurements in refined calculations of the carbide elastic self energy in an iron-based matrix,
taking into account the differing elastic constants of matrix and particle, and the role of particle
shape. Figure 7 depicts computed elastic self energies vs. particle/matrix lattice parameter ratios
for two particle shapes (prolate spheroids of aspect ratio 1 and 3) using typical values of the
carbide shear modulus. Liarng also computed internal stresses on carbide shear systems relevant
to coherency loss mechanisms, predicted solute distributions around coherent particles, and
considered interparticle elastic interactions promoting autocatalytic nucleation. As the
transformation eigenstrains for a coherent M2C carbide in an Fe matrix are quite high, these
linear elastic calculations are regarded as upper bound estimates of self energies and local
stresses. To rationalize observed coherent nucleation conditions and coherent particle
compositions measured by atom-probe microanalysis, it has been necessary to apply a correction
factor of 1/3 to the computed self energies. Liarng has performed lower bound self energy
estimates by excluding the energy density contributions of highly strained regions likely to be

2
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strongly nonlinear, similar to the dislocation core cutoff approximation, supporting correction
factors of this magnitude.

Employing the more precise coherent thermodynamics provided by the improved elastic
self energy estimates, the correlation of strength and thermodynamic driving force in Figure 4
can be modeled more precisely be relating driving force to particle size, and particle size to
strength. The latter has been treated as part of the doctoral research of J. Wise. Figure 8 depicts
the correlation of measured hardness with the Orowan-Ashby dislocation bypass strengthening
equation for particles of radius R and mean spacing L, using a dislocation core size of ro=b. The
fit is based on the SANS data so far available for three of the 0.24C alloys in the series of Figure
3. The lower figure then predicts the dependence of hardness at completion of precipitation on
alloy carbon content for various particle diameters, including the critical size dc for the
shear/bypass transition corresponding to a theoretical upper limit of strength. The trends are in
good agreement with measured hardness and particle size in commercial and experimental alloys
investigated.

b) Toughening

Early work under the SRG Program addressed toughening of UHS steels via (a) control
of microvoid nucleating particle dispersions governing plastic shear localization [22-25], and (b)
dispersed-phase transformation toughening by precipitation of optimal stability austenite
particles [26,27]. A continuing effort under ONR support has defined requirement to resist
intergranular fracture [28]. Guided by model predictions on microvoiding behavior, the recent
doctoral research of C. J. Kuehmann under ARO support addressed optimization of the solution
treatment of the commercial AermetlO alloy to obtain a residual grain refining dispersion of
fine TiC particles with improved resistance to microvoiding as attested by JIC toughness
measurements [29]. Kuehmann then explored optimization of multistep tempering treatments to
achieve dispersed-phase transformation toughening in this alloy.

Our understanding of transformation toughening mechanisms has benefited from a
parallel DOE-sponsored effort studying fully austenitic alloys, experimentally demonstrating the
role of phase stability and dilatation [2,30-32] with numerical simulations defining the effect of
transformation plasticity in enhanced resistance to plastic localization [33] and microvoiding
processes [34]. ARO sponsored research has explored the application of this understanding to
the control of dispersed-phase transformation plasticity in the secondary hardening martensitic
steels. Our progress is summarized by the toughness-hardness plot of Figure 9. Early
experiments guided by thermodynamic predictions of achievable austenite stability in the
AF1410 composition boosted toughness to the AF1410-TT band employing multistep tempering
to nucleate a fine dispersion of Ni enriched austenite while maintaining a sufficiently fine
carbide dispersion for desired strength [26]. Our efforts to apply the same strategy to the higher
strength AermetlOO alloy revealed a much tighter processing window due to the faster carbide
precipitation kinetics associated with this higher Cr composition. Initial multistep tempering
studies by Kuehmann [29] demonstrated transformation toughening, but at less than desired
strength levels. A more thorough study was then undertaken by Visiting Scientist M. Srinivas
from the Defence Metallurgical Research Laboratory, India, establishing first the detailed low
temperature tempering kinetics for optimal strengthening, then interposing short intermediate
temperature austenite nucleation treatments. Detailed measurement of toughness evolution was
provided by relatively simple cracktip stretch-zone measurements followed by verification of
promising treatments with JIC tests. The results of optimal processing are represented by the
Aermetl00-TT and MTL1-TT band in Figure 9. These exceptional properties were obtained
with both the Aermetl00 composition and our V modified lower C prototype armor steel
designated MTLl. The outstanding toughness and hardness combinations are seen to lie within
the dashed box representing the original property objectives of the SRG program.
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Austenite precipitation behavior in these alloys is being investigated by electron
microscopy and microanalysis in the doctoral research of fellowship student H. Lippard
cosupervised by Prof. V. Dravid. The dark-field micrograph of Figure 10 (using an 002y
reflection) reveals two forms of precipitated austenite in the Aermetl00-TT material of Figure 9.
The microstructure is similar to our previous observations in AF1410-TT [26] in which slightly
Ni enriched austenite discs at martensite lath boundaries (A) coexist with a fine dispersion of
more Ni rich intralath precipitates (B); the lath boundary precipitation gives nonequilibrium
austenite compositions while the composition of the fine intralath precipitates is in good
agreement with equilibrium predictions. The high austenite stability responsible for toughening
these UHS steels is-attributed to the fine size and Ni enrichment of the latter. While the fine
austenite in AF1410-TT had a particle size of 20nm, the fine particles of Figure 10 observed in
Aermetl0O-TT are only 5nm, taxing the limits of high resolution electron microanalysis. In
addition to the 200kV cold field emission Hitachi HF2000 analytical electron microscope at
Northwestern, the samples have been analyzed with a Phillips CM20 at Gatan Laboratories
(employing a Gatan Imaging Filter for EELS imaging with the Ni core loss L-edge) and the
highest brightness 300kV cold field emission UHV VG603 STEM at Lehigh University. The
apparent Ni enrichments of embedded austenite particles plotted in Figure 10 were obtained with
the latter instrument, supporting the interpretation of the 5nm particles as austenite, but not
allowing direct composition measurement due to extreme matrix overlap at -100nm foil
thickness.

c) Gradient Systems: Gear Steels

Case hardenable secondary hardening steels for the high power density gear systems of
Figure 2 may represent the most promising area for application of the design models we are
developing. This line of research originated as conceptual designs in Materials Design class
projects performed in collaboration with a mechanical engineering design class who identified
property objectives for a 50% weight reduction in gears. Preliminary designs comparing low
temperature nitriding and high temperature carburizing led to selection of carburizing as the most
promising processing route to achieve the lmm-scale case depths needed in typical gear
applications. Two generations of carburizable prototype compositions were designed and
evaluated. An undergraduate project evaluating the second prototype alloy, designated C2, won
1st prize in the last TMS-AIME national student design competition [35].

Research on carburizable gradient systems for gear applications has continued in the
doctoral research of J. Wise, initiated under seed funding from the Ford Motor Company.
Precise treatment of the dynamics of gradient formation by carburizing has been made possible
by the new DICTRA multicomponent diffusion code developed at the Royal Institute of
Technology in Stockholm as an extension of the THERMOCALC system. The DICTRA system
combines the thermodynamic database of THERMOCALC with a mobility database to compute
the full multicomponent diffusivity matrix, and solves 1, 2, and 3 dimensional diffusion
problems by a finite difference method. To apply the code to carburization of the complex
multicomponent steels of interest, Wise conducted preliminary carburizing experiments on an
Fe20ColONi alloy and determined the composition-dependent C diffusivity from measured C
profiles, as summarized in Figure 11. Based on these measurements, it was found necessary to
modify the DICTRA mobility database (mob4) through a Co-C interaction term to give the
improved fit shown in the figure. The model was then validated by comparison with measured
diffusion profiles in carburized Aermetl00 steel as shown in Figure 12, demonstrating excellent
agreement. Combining DICTRA diffusion simulations with the strengthening model of Figure 8
provides the basis for precise control of hardness profiles in these secondary hardening steels.
The hardness profile so far obtained in the C2 prototype gear steel is compared in Figure 13 with
that of a conventional gear steel. Maintaining an equivalent gradient depth, a substantial
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increment of hardness improvement has been demonstrated with a surface carbon content of

0.55C as also denoted in Figure 8.

d) High Hardness Armor Steels

Under a one-year contract from ARL/MD, formerly MTL, available SRG design tools
were applied to the design of a prototype high hardness armor steel. This led to the alloy
designated MTL1 in Figure 9, which was evaluated in the Masters thesis of J. Cho [29].
Employing a V addition to enhance strengthening efficiency, the alloy demonstrated properties
equivalent to the Aermetl00 alloy, but with lower C content (0.21C). Ballistic testing at
ARL/MD demonstrated V50 levels at fixed plate thickness equivalent to the best monolithic
armor steels. A higher carbon composition (0.25C) for higher hardness has been prepared for
further evaluation at ARL/MD.

B.2 Biomimetic Laminates

Testing the limits of complexity in rational materials design incorporating biomimetic
adaptive system concepts, the essential concepts of the self healing "smart steel" superalloy
composite are summarized in the system chart of Figure 14. A ferritic (BCC) superalloy
strengthened by a coherent dispersion of ordered B2 precipitates is reinforced by a
thermodynamically compatible "¢ strengthened austenitic (FCC) shape memory alloy in a
laminate formed by hot rolling of a consolidated blend of prealloyed powders. The composite
integrates two biomimetic concepts. At low temperatures the shape memory alloy reinforcement
toughens the otherwise brittle ferritic alloy by bridging cracks via martensitic pseudoelasticity,
mimicking the nonlinear polymer reinforcement of a brittle ceramic in the toughened laminate
system of natural seashell [10,11]. Returning an internally damaged composite to the superalloy
operating temperature, the bridges contract via the shape memory effect providing a crack
clamping force to promote diffusional rewelding of cracks as a biomimetic self-healing
mechanism. Thermodynamic compatibility demands that the BCC(u) and FCC (y) alloys be in
near-equilibrium with each other at hot working and solution treatment temperatures, and that the
two 2-phase ox+B2 and 'y+y alloys reside in an equilibrium 4-phase ct+B2+y+y field at service
temperatures. Matrix/reinforcement interfacial strength must be limited to promote crack
bridging behavior, and the austenitic alloy must exhibit higher creep strength than the ferritic
alloy to maintain crack clamping forces for damage healing.

The original conceptual design and preliminary feasibility calculations by an
undergraduate Materials Design class project team won 2nd prize in the first TMS-AIME
national student design competition [36]. Under AASERT support, the doctoral research of B.
Files has investigated the realization of this concept, taking advantage of design data being
generated under a ferritic superalloy project supported by EPRI. Work so far has emphasized
refinement of thermodynamic models of the Fe-Ni-Al-Ti-Co-Mo system with explicit treatment
of order/disorder transitions underlying miscibility gaps. The models have identified a suitable
4-phase o-B2-y-y field at a service temperature of 600C in the basic Fe-Ni-Al-Ti system, as
denoted by the solid points bounding the tie-tetrahedron represented within the composition
tetrahedron of Figure 15. The alloy compositions denoted A and B in the figure correspond to
c+B2 and y+, alloys with dispersion fractions of 20%. Based on a preliminary thermodynamic
database, diffusion couples of A and B type alloys were prepared and reacted 24hrs at 1 lOOC to
investigate the diffusional interaction at solution temperatures where each alloy should be single-
phase. The electron microanalysis data of Figure 16 (employing a Hitachi S-4500 FEG-SEM)
demonstrates a sufficiently large diffusion distance of 50-100.tm allowing accurate measurement
of multicomponent diffusion composition trajectories. The larger diffusion distance of Al is
consistent with its predicted higher diffusivity. The measured trajectories are represented in
Figure 17, projected on the median Ti plane (3.3Ti) in (a) and the median Al plane (2.5A1) in (b).
The S-shaped trajectory in (a) reflects the effect of the high Al diffusivity. Also represented are
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the computed boundaries of the single phase fields at the respective Ti and Al contents of alloys
A and B, generated from our current database. These newer calculations indicate that alloy A is
actually well within the two-phase cx+y field at 1100C. To simulate a couple between two
single-phase alloys, DICTRA simulations were run modifying the A composition to the nearby
single-phase a composition A2 giving the A2/B trajectories represented in (c) and (d). The
"doglegs" in these projected trajectories reflect tie-lines crossing the y+a two-phase field.
Consistent with the absence of this feature in the experimental trajectories (and the lack of
corresponding interface steps in Figure 16) microscopy revealed a martensitic structure in alloy
A indicating the alloy was fully austenitic at I IOOC. A DICTRA simulation of the interdiffusion
of such a y/y couple is represented by that for nearby austenitic alloy Al in (c) and (d). These
preliminary couple experiments provide important input for refining the thermodynamic database
to properly position the relatively narrow y+cx field in the region of interest, while also providing
useful diffusivity information for further refinement of the DICTRA mobility database.

Electron micrographs in Figure 18 show that the microstructure of alloy A after aging 1
week at 600C exhibits a three-phase cx+B2+y structure with -1 Im y particles shown in (a). The
higher magnification dark field micrograph in (b) using a 100 B2 superlattice reflection shows
the desired fine dispersion of coherent B2 in the a matrix. The presence of y at 600C in this
alloy, intended to be two-phase a+B2, is in line with the finding at 1100C that the current
thermodynamic database underestimates the stability of y in this system. Further microanalysis
of phase compositions will provide valuable information for refinement of the thermodynamics.

In parallel with the study of the Fe base alloys, a prototype system for testing bridging
and healing concepts is being investigated mechanically using a low melting Sn-Bi alloy
reinforced by TiNi shape memory alloy fibers. Blunt notch tensile specimens are employed to
investigate internal cracking and healing behaviors. Experimental procedures thus developed
will ultimately be applied to the Fe-base composites.
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APPENDIX

Austenite Stability and Mechanical Properties of
Austempered Ductile Iron

Abstract

The stability of austenite in Austempered Ductile Iron (ADI) has been quantified

by measurement of the M. a temperature, below which stress-assisted martensitic

transformation controls yielding. In both the Grade 1 (115 ksi (800 MPa) yield stress)

and Grade 3 (150 ksi (1030 MPa) yield stress), the Ms temperature in uniaxial tension

is near 100C. Below this temperature the tensile yield stress shows a nonmonotonic

temperature dependence indicative of isothermal martensitic transformation. Consistent

with the usual stress-state sensitivity associated with the transformation dilatation, blunt

notch tensile specimens with a stress-state ratio of I = Gh / C = 1.1 demonstrate an

increased Ms near 190'C. From these stability measurements it is estimated that the

temperature of maximum transformation toughening, corresponding to the Msa for a

crack-tip stress state of I = 2.3, would be greater than 300'C. Below room temperature

the measured temperature dependence of the fracture toughness is dominated by the

ductile / brittle transition, and it is obscured at higher temperatures by the high scatter

associated with the distribution of graphite nodules. Although clear metallographic

support could not be obtained, the measured stability indicates that the austenite should

transform during fracture, but the stability is too low to give significant transformation

toughening. Higher toughness at and above room temperature should then be
139
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achievable by increasing austenite stability. However, the measured stress-strain curve

shapes are consistent with a broad distribution of austenite stabilities, as indicated by

the lack of sharp yielding at low temperatures. This suggests that the stabilities

measured in this work represent the least stable austenite in the distribution, and that the

breadth of the distribution limits the transformation toughening. The stress-strain curves

also indicate enhanced strain hardening at temperatures above 200C from possible

stress-assisted bainitic transformation.

Introduction

Several investigations have shown that austempered ductile irons exhibit

improved mechanical properties compared to conventional cast irons [ 1-51. Much of

their favorable combination of strength and ductility can be attributed to the presence of a

significant amount of retained austenite. The stability of this austenite with respect to the

formation of mechanically induced martensite depends sensitively on its carbon content,

which can change significantly with slight changes in austempering time or temperature

[61. If the austenite stability could be optimized, the mechanical properties could be

improved even more by the process of transformation toughening. It is well known that

mechanically induced martensitic transformations can enhance ductility and fracture

toughness if the austenite is of the proper stability [7]. This stability is quantified by the

Ms5 temperature. Defined as the temperature below which initial yielding is due to

martensitic transformation, the MsCF is a strong function of the imposed stress state.

Experimentally Ms5 is determined as the temperature at which the temperature

dependence of the measured yield stress reverses. The present study has been

undertaken to determine the MSG temperatures under different stress states and assess
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the effect of transformation plasticity on the mechanical properties in two grades of an

austempered ductile iron.

Materials and Procedures

One inch and half inch thick plates of ADI of weight percent composition, 3.7 C,

2.7 Si, 0.97 Ni, 0.87 Cu, 0.27 Mn, 0.057 Mg and 0.032 Cr, were received from the

U.S. Army Research Laboratory Materials Directorate. The material had been heat

treated according to ASTM standard A 897-90 [8] to produce at least one plate each of

Grades 1 and 3 for both thicknesses. The heat treatments used are listed in Table 1.

Uniaxial and blunt notched tensile tests and KI¢ fracture toughness tests were performed

at temperatures from -1 96°C to 350'C in order to determine the effect of austenite

stability and stress state on the flow behavior and fracture toughness of these materials.

Grade 1 Grade 3

Preheat Time & Temp. 105 min at 593°C (1100°F) 120 min at 593°C (1100°F)

Austenitizing Time & Temp. 100 min at 8910C (1635 0F) 150 min at 8850C (1625 0F)

Quench Time & Temp. 100 min at 3270C (6200F) 150 min at 316 0C (6000F)

Quench Medium Molten Salt Molten Salt

Rockwell C Hardness 32.2 41.5

Table 1 Heat treatments applied to produce plates of Grades 1 and 3.
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In the initial stages of this work, seventeen tensile specimens were made from

each of the half-inch plates, in order to measure their uniaxial tension Msa temperatures.

Tensile tests were performed at temperatures from -196°C to 236°C. Below 20'C the

tests were conducted in isopentane or methanol cooled by liquid nitrogen or in pure

liquid nitrogen, from 20°C to 150 0C they were conducted in air and above 150'C in

vacuum. The tensile specimen geometry is shown in Figure 1a.

To determine how sensitive the martensitic transformation is to the triaxiality of

the stress state, blunt-notched tensile specimens of the type shown in Figure lb were

made. Ten specimens were. made from Grade 1, and five were made from Grade 3.

They were strained to failure at temperatures from -196°C to 225°C in the same

environments that were used for the uniaxial tensile tests.

KIC fracture toughness tests were performed according to ASTM standard E

399-89 on compact tension specimens which were cut from the half-inch plates of each

grade. Tests run below 20'C were in air cooled by nitrogen, those from 200C to 150 0C

were run in air and those above 150'C were tested in vacuum.

Results and Discussion

The 0.2% offset yield stress versus temperature data from the uniaxial tension

tests are plotted in Figure 2. As the figure shows, both grades have a very broad peak

around 100°C. Because of the peak breadth and scatter, it is difficult to determine an

exact MsG, but there appears to be little difference in stability between the two grades.

Figure 2 also shows the yield stress versus temperature curves for the blunt-notch

tensile tests. Once again, both grades display broad peaks. However, as expected for
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Figure 1 Uniaxial and blunt notch tensile specimens.
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Figure 2 A plot of 0.2% yield stress versus temperature from uniaxial and blunt
notch tensile tests on material from the 1/2 inch plates.
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this more highly triaxial stress state, the Ms temperatures are about 850 higher than in

uniaxial tension.

Based on these observations and a parallel study by Matlock and Krauss [5], a

more extensive study was made of the properties of the Grade 1 material in uniaxial

tension. As this grade was shown to have nearly 10% more retained austenite [5], the

effects of austenite stability on the mechanical behavior should be more apparent than in

the Grade 3 material. Figure 3 shows the 0.2% yield stress, UTS and fracture strain of

Grade 1 material from the 1 inch plate at temperatures from -196 0C to 350'C, while

Figure 4 shows stress-strain curves from these tests at selected temperatures.

The dip in 0.2% yield stress at very low temperatures is evidence of isothermal

martensite formation. The fact that the curves do not exhibit a sharp stress plateau after

the onset of transformation controlled yielding indicates that there is a range of austenite

compositions in this material, likely associated with a distribution in carbon content. The

stabilities measured by Ms0 thus represent the least stable austenite in the distribution.

The inflections in the stress strain curves for tests above 200°C suggest another change

in structure is taking place, most likely the formation of stress assisted bainite. The

maximum fracture strain and a local maximum in UTS (which is equal to the fracture

stress, since there is no appreciable necking) occur at near 250'C in the temperature

regime where this transformation occurs.

Kic fracture toughness tests were performed on compact tension specimens of

the type shown in Figure 5, which were cut from the half inch plates of each grade. The

results of these tests are shown in Figure 6. These are provisional "KQ" values because,

except at room temperature, it was not possible to use our C.O.D. gage. However,

when values obtained using the gage at room temperature were compared to those
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calculated at the same temperature without using the gage, they were virtually the same.

Therefore, the KQ values should be a good approximation of KIC at other temperatures.

As denoted in Figure 6a, specimens of the Grade 1 material were cut from two

different plates. Although both plates were given the same heat treatment, the material

from the first plate had a hardness of Rc 32 while those from the second plate measured

Rc 34. Combining the data from the two plates, no clear peak in fracture toughness is

evident.

The most noticeable feature of these tests is the significant embrittlement at low

temperatures. As Figure 6 shows, the fracture toughness of each grade drops sharply as

the temperature falls below 0°C. Between room temperature and -40'C, the fracture

toughness decreases by over 10% (for Grade 1), while the uniaxial fracture strain drops

by about 50% (Figure 3). Between room temperature and -80'C the fracture toughness

drops by more than 30%. Above room temperature, KQ remains relatively constant until

it rises again above 250"C. Figure 7 shows the fracture surfaces of compact tension

specimens tested at -90'C and 300'C. These images clearly demonstrate the change of

fracture mode from ductile to brittle at low temperatures.

These tests indicate little difference in austenite stability among the grades and

plate thicknesses. In uniaxial tension the Ms temperatures were measured at about

100'C, while they were found to be near 190'C for blunt notch tension. Based on these

values, the Ms temperature for a crack-tip stress state was estimated to be in excess of

300°C. However, this could not be experimentally verified because it was too close to
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4 1

Figure 7 SEM nicrographs of compact tension specimen fracture surfaces of
Grade 1 material from the original 1/2 inch plate, fractured at -90C (top)
and 300C (bottom).
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the austempering temperature. It should be noted again that the measured austenite

stabilities likely represent the least stable of a range of compositions. It may be that this

range of stabilities is too broad to show a well defined transformation toughening peak.

The presence of stress-assisted plate martensite is expected in the specimens

tested below their Ms5. Several of these samples were examined using light and

scanning electron microscopy in an attempt to confirm the presence of this martensite.

Aranzabal et al. [1] saw stress-assisted martensite near a fracture surface using a 4%

Nital etch, and Kovacs [9] reports that, after applying this same etchant, a four to eight

hour heat tint at 500'F will cause any martensite to turn a deep blue. However, after

trying both of these methods, no martensite could be distinguished, even in the

specimen shown in Figure 8, which was strained to failure in liquid nitrogen.

Conclusions

The austenite stability has been measured in terms of the MSG temperature under

several states of stress for two grades of austempered ductile iron. For Grade 1

material, Ms((UT)=105°C and Msc(BN)-190°C, while Ms5 (UT)=1OOoC and

MsI(BN)=185°C for Grade 3 material. Based on these measurements, MsG (CT) was

estimated to be in excess of 300'C for both grades. Although, because of the complex

microstructure, conclusive metallographic evidence of martensite formation was not

found, these stability measurements are consistent with the occurrence of mechanically-

induced martensitic transformation. Below these temperatures, the yield stress decreases

in a manner indicative of stress-assisted martensitic transformation. Above Msa, the

effect of transformation on toughness is obscured by scatter due to the large volume

fraction of graphite particles and the likelihood that compositional inhomogeneities
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resulted in a wide distribution of austenite stabilities. At temperatures above 200C the

stress-strain curves show increased strain hardening, which may be evidence of stress-

assisted bainite formation.

Below 20C, both grades pass through the ductile to brittle transformation

temperature and their toughness and ductility drop rapidly.
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Chips and an experimental gallium arsenide integrated Mems research is borrowed from the microelectronics
circuit. Computer aided design tools produced by industry; so Mems holds out the promise of batch
cadence design systems were used to logically and fabrication of microminiaturized machines that can be
physically design the experiment. Output from easily integrated with electronics. This dissertation
the cadence software provides the information research investigated structures and methods for
necessary to fabricate, assemble, and test the board, implementing and packaging complex, large scale

Microelectromechanical devices and systems using
DESCRIPTORS: *TEST BEDS, *PRINTED commercially available foundry fabrication processes.
CIRCUIT BOARDS, *RADIATION
HARDENING, COMPUTER AIDED DESIGN, DESCRIPTORS: *ELECTROMECHANICAL
GALLIUM ARSENIDES, THESES, DEVICES, *INDUSTRIAL ENGINEERING,
CHIPS(ELECTRONICS), RANDOM ACCESS THERMAL PROPERTIES, OPTICAL
COMPUTER STORAGE, MICROELECTRONICS, EQUIPMENT, THESES, FABRICATION, STEPPER
SPACECRAFT COMPONENTS. MOTORS, DIES, MICROELECTRONICS,

PACKAGING,
IDENTIFIERS: CADENCE COMPUTER MACHINES, ACTUATORS, DISTORTION,
PROGRAMS, SINGULAR EVENT UPSET BATCH PROCESSING, FOUNDRIES,

MICROMINIATURIZATION.

IDENTIFIERS: MICROELECTROMECHANICAL
SYSTEMS
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AD NUMBER: A310359 AD NUMBER: A310337

VIXEL INC BROOMFIELD CO ARIZONA UNIV TUCSON DEPT OF
ELECTRICAL AND COMPUTER ENGINEERING

(U): LOW-RESISTANCE, HIGH-POWER-
EFFICIENCY VERTICAL CAVITY (U): INVESTIGATION OF RADIATION EFFECTS
MICROLASERS. IN MICROELECTRONICS.

MAY 96 15P JUN 96 320P
PERSONAL AUTHORS: JEWELL, PERSONAL AUTIIORS: GALLOWAY, KENNETH

F.; SCHRIMPF, RONALD D.;
UNCLASSIFIED REPORT JOHNSON, GREGORY H.

ABSTRACT: (U) The purpose of this project was to UNCLASSIFIED REPORT
improve the total Power efficiency of vertical cavity
Microlasers to further the Commercialization of large ABSTRACT: (U) Electronic components
arrays of semiconductor lasers integrated on single implemented in space borne and Military applications
chips. Vertical cavity surface emitting lasers are tiny are often required to operate in a hostile Radiation
semiconductor lasers, typically about 10 micrometers Environment, and are therefore subject to the
in diameter, whose optical cavities and electrical degradation and failure mechanisms associated with
injection schemes are radically different from such environments. This report discusses radiation
conventional edge emitting semiconductor lasers. The effects research in the areas of (I) Single event
vcssel geometry emits high quality beams burnout of power Mosfets (2) single event gate
perpendicular to the face of the chip, rather than out rupture of power Mosfets; (3) total dose degradation
the edge of the chip, and can be readily fabricated in of power Mosfets (including mobility degradation,
one and two dimensional arrays. A preliminary cryogenic operation, I/f noise, and termination
demonstration of the modulation doped approach was structures); and (4) total-dose gain degradation of
made. The resuit was a record low threshold voltage bipolar junction transistors.
of 1.7 volts for vcsels. Previously, vcsels required a
minimum of about 2.5 volts for thresholed or had very DESCRIPTORS: *MOSFET SEMICONDUCTORS,
high current thresholds *RADIATION DAMAGE, SIMULATION,

DEGRADATION, SPACE ENVIRONMENTS,
DESCRIPTORS: *SEMICONDUCTOR LASERS, ELECTRONIC EQUIPMENT, GATES(CIRCUITS),
LASER CAVITIES, EDGES, BURNOUT, MICROELECTRONICS, DOSAGE,
THRESHOLD EFFECTS, ARRAYS, EFFICIENCY,
CHIPS(ELECTRONICS), IDENTIFIERS: SEU(SINGLE EVENT UPSET), I/F
ELECTRICAL PROPERTIES, MINIATURE NOISE,
ELECTRONIC EQUIPMENT.

IDENTIFIERS: VCSEL(VERTICAL CAVITY
SURFACE EMITTING LASERS),
MICROLASERS,
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AD NUMBER: A323968 AD NUMBER: A322842

AIR FORCE INST OF TECH MASSACHUSETTS INST OF TECH
WRIGHT-PATTERSON AFB OH LEXINGTON LINCOLN LAB

(U) A MICROMECHANICAL SILICON (U) SOLID STATE RESEARCH.
OSCILLATING ACCELEROMETER.

AUG 96 80P
APR 97 105P PERSONAL AUTHORS: SHAVER, DAVID C.
PERSONAL AUTHORS: GIBBONS, KEVIN A.

UNCLASSIFIED REPORT
UNCLASSIFIED REPORT

ABSTRACT: (U) This report covers in detail the
ABSTRACT: (U) This thesis describes the design research work of the Solid State Division at Lincoln
and testing of a silicon oscillating accelerometer laboratory for the period I May-31 July 1996. The
(SOA). The SOA is a silicon, micromechanical, topics covered are electrooptical devices, quantum
oscillating beam accelerometer. The accelerometer is electronics, materials research, submicrometer
configured with two silicon tuning fork oscillators that technology, high speed electronics, microelectronics,
are electrostatically driven and sensed in their out of and analog device technology. Funding is provided
phase vibrational resonance. The oscillators move on primarily by the AIR FORCE, with additional
flexure beams which are configured to have one end support provided by the ARMY, DARPA, NAVY,
anchored and the other end fixed to a shared seismic BMDO, NASA, and NIST.
mass. When the seismic mass experiences an input
acceleration, one oscillator's vibrating beams are DESCRIPTORS: (U) *SOLID STATE PHYSICS,
loaded in tension while the other oscillator's beams are ELECTRONICS, AIR FORCE RESEARCH,
loaded in compression. This loading causes an ELECTROOPTICS, MATERIALS,
increase and decrease in the respective oscillator's MICROELECTRONICS, QUANTUM
natural frequency. This change in frequency is ELECTRONICS, ANALOG SYSTEMS.
proportional to the input acceleration. Automatic gain
control electronics regulate the oscillation amplitude
at resonance. The two oscillator's frequency outputs
are differenced to exploit common mode error
rejection. The SOA has been fabricated from single
crystal silicon using a bulk dissolved wafer on glass
micromachining process. It is vacuum packaged in a
leadless ceramic chip carrier to achieve high quality
factor and thus a sharp resonance. Results of both
closed form and finite element analyses are described
and are in good agreement sensors were fabricated and
experimental data including quality factor, input
acceleration sensitivity or scale factor, and oscillator
temperature sensitivity results are presented. An
oscillator frequency of 27 kHz, A G factor over
100,000, a scale factor of 4 Hz per g, and an
oscillator temperature sensitivity of 0.4 Hz per degree
Celsius have been achieved. The experimental data is
shown to be in agreement with analysis results.

DESCRIPTORS: (U) *ACCELEROMETERS,

*CRYSTAL OSCILLATORS, OSCILLATORS,

ELECTRONICS, MACHINING, EXPERIMENTAL
DESIGN, FINITE ELEMENT ANALYSIS,
THESES, CHIPS(ELECTRONICS), SINGLE
CRYSTALS, AUTOMATIC GAIN CONTROL,
DIFFERENCE FREQUENCY.

IDENTIFIERS: SILICON OSCILLATING
ACCELERONMETER
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*AD NUMBER: A322246 AD NUMBER: A321966

SFA INC LANDOVER MD CASE WESTERN RESERVE UNIV
CLEVELAND OH DEPT OF

(U) MICROELECTRONIC RADIATION MACROMOLECULAR SCIENCE
I tARDENING PROCESS AND DESIGN
DEVELOPMENT, TEST, AND EVALUATION. (U) TWENTIETH ASILOMAR CONFERENCE ON

POLYMERIC MATERIALS,
MAR 97 49P

FEB 97 22P
PERSONAL AUTHORS: MCMARR, PATRICK; PERSONAL AUTHORS: BAER, ERIC
REVESZ, AKOS; LAWRENCE, REEK

UNCLASSIFIED REPORT
UNCLASSIFIED REPORT

ABSTRACT: (U) The 1997 Asilomar Conference on
ABSTRACT: (U) Radiation induced charge trapping Polymeric Materials focused on Electroactive Polymer
versus buried oxide (box) thickness on various Systems. New directions were probed for use of such
separation by implantation (simox) buried oxides has materials in power sources. The implications in
been determined. An inflection point has been biological integration of such systems were also
observed in the voltage shift vs. Buried oxide explored. An attempt was made to understand and
thickness relationship. As such, the radiation induced predict structure-property relationships by using
voltage shifts for Thin Buried Oxides are greater than hierarchical paradigms to describe these complex
what could be expected from a Simple Square Law materials systems. Special emphasis were on the
relationship. These results can be explained by the modeling of such Polymers using advanced computer
location and magnitude of the radiation induced oxide methods, and on the design and synthesis of new
charge Centroid and its relationship to the box Eelectroactive Polymeric Materials based on the
thickness. The location of the Centroid for trapped predictions elucidated from these computational
positive charge is dependent on the Radiation induced advances. As in previous years, this conference
hole mobility, which is related to Simox Processing as addressed the problems and opportunities that are
well as on geometry and charge saturation, arising with the emergence of a hierarchical approach
Photoinjection was used to study the charge trapping to the design of new materials systems. Focus was on
properties of High Temperature Oxidation (HITOX) important questions such as the factors that gave rise
Simox Buried Oxides, provided by two independent to relatively discrete organizational levels of structure,
vendors. After electron injection, the electron trapping the interactions between such levels and the synthesis
per area for both HITOX material sources was found of new active Polymers with functional designs aimed
to be larger than their respective standard at the efficient and selective transport of energy. The
(CONTROL) Simox structures. Photo injection, Twentieth Asilomar Conference focused particularly
buried oxide, oxide charge Centroid, electron capture on new Polymers with unusual properties, on
cross section, high temperature oxidation, separation Polymers with switching characteristics, and on
by implantation of oxygen. Macromolecular Neural Networks for image

processing.

DESCRIPTORS: (U) *ION IMPLANTATION,

*SOLID STATE CHEMISTRY, DESCRIPTORS: (U) *POLYMERIC FILMS,
*RADIATION HIARDENING, THIN FILMS, *POLYMORPHISM, SYMPOSIA, GRAFT

TRAPPING(CHARGED PARTICLES), POLYMERIZATION, COPOLYMERS,
CROSS SECTIONS, MICROELECTRONICS, AMORPHOUS MATERIALS,
SEPARATION, ELECTRON CAPTURE, CRYSTALLIZATION, MACROMOLECULES,
SILICON ON INSULATOR. MOLECULAR STRUCTURE, MICROANALYSIS,

NUCLEOTIDES, NANOTECHNOLOGY.
IDENTIFIERS: HITOX(HIGH TEMPERATURE
OXIDATION), BOX(BURIED OXIDES

*Included in The DTIC Review, September 1997
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AD NUMBER: A321589 AD NUMBER: A321584

NOTRE DAME UNIV IN NOTRE DAME UNIV IN

(U) COLLECTIVE COMPUTATIONAL ACTIVITY (U COMPUTATIONAL PARADIGMS IN
IN SELF- ASSEMBLED ARRAYS OF QUANTUM NANOELECTRONICS: QUANTUM COUPLED
DOTS: A NOVEL NEUROMORPHIC SINGLE ELECTRON LOGIC AND
ARCHITECTURE FOR NANOELECTRONICS, NEUROMORPHIC NETWORKS,

OCT 96 13P JUN 96 14P
PERSONAL AUTHORS: ROYCHOWDHURY,
VWANI P.; JANES, DAVID B.; UNCLASSIFIED REPORT
BANDYOPADHYAY, SUPRIYO; WANG,
XIAODONG ABSTRACT: (U) We describe a new class of

nanoelectronic circuits Where circuit functions are
UNCLASSIFIED REPORT derived from cooperative, quantum Mechanical

interactions between single electrons confined in
ABSTRACT: (U) We describe a new class of arrays of quantum dots. Two specific architectures
Nanoelectronic Circuits which exploits the charging are examined: (i) quantum coupled logic in which
behavior in resistively/capacitively linked arrays of boolean logic functions are implemented by quantum
Nanometer-Sized Metallic Islands (Quantum Dots), mechanical spin-spin interactions between single
self-assembled on a resonant tunneling diode, to electrons in arrays of quantum dots, and (ii) quantum
perform neuromorphic computation. These circuits neuromorphic networks that exploit the complex
produce associative memory effects and realize the spatial and temporal evolution of discrete charge in
additive short-term memory (stm) or content an ensemble of nonlinearly interacting quantum dots
addressable memory (cam) models of neural networks to elicit collective computational behavior. The first
without requiring either large-area/high-power class of circuits includes combinational and sequential
operational amplifiers, or massive interconnectivity digital systems. Both logically irreversible elements
between devices. Both these requirements had such as half adders, s-r flip flops, shift registers, ring
seriously hindered the application of neural networks counters, etc., and reversible feynman gates for
in the past. Additionally, the circuits can solve np- quantum computation have been designed in this
complete optimization problems (such as the traveling paradigm. These circuits can be endowed with
sales-man problem) using single electron charge the required 'unidirectional' (non-reciprocal) character
dynamics, exhibit rudimentary image-processing that previous (flawed) designs of similar circuits
capability, and operate at room temperature unlike lacked. The second class of circuits comprises
most quantum devices. Two-dimensional (2d) discrete hopfield networks which utilize single
processors, with a 100 x 100 pixel capacity, can be electron tunneling events in arrays of metallic
fabricated in an area of 10-8 cm2 leading to islands to perform neuromorphic computation. They
unprecedented functional density. Possible routes to can solve np-complete optimization problems (such as
synthesizing these circuits, employing self-assembly, the traveling salesman problem), produce associative
are also discussed. memory effects and also exhibit rudimentary image-

processing capability.
DESCRIPTORS: (U) *QANTUM ELECTRONICS,
*NANOTECHNOLOGY, IMAGE DESCRIPTORS: (U) *ELECTROOPTICS,
PROCESSING, REPRINTS, NEURAL NETS, *QUANTUM ELECTRONICS,
COMPUTATIONS, TUNNELING(ELECTRONICS), *NANOTECHNOLOGY, IMAGE PROCESSING,
MEMORY DEVICES, ASSOCIATIVE REPRINTS, NEURAL NETS,
PROCESSING, NONLINEAR PROGRAMMING. TUNNELING(ELECTRONICS), QUANTUM

EFFICIENCY, LOGIC CIRCUITS,
IDENTIFIERS: QUANTUM DOTS, RESONANT ASSOCIATIVE PROCESSING, SPIN STATES,
TUNNELING, CAM(CONTENT ADDRESSABLE PHASE LOCKED SYSTEMS, BOOLEAN
MEMORY), TRAVELING SALESMAN ALGEBRA, SHIFT REGISTERS.
PROBLEMS

IDENTIFIERS: QUANTUM DOTS, SPIN SPIN
INTERACTIONS, HOPFIELD NETWORKS,
MAGNETIC SPINS, SPIN POLARIZATION
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AD NUMBER: A321364 AD NUMBER: A321224

AIR FORCE INST OF TECH WRIGHT- PRINCETON UNIV NJ
PATTERSON AFB OH

(U) SMART MATERIALS SYSTEMS THROUGH
(U) MICROELECTROMECHANICAL ISOLATION MESOSCALE PATTERNING,
OF ACOUSTIC WAVE RESONATORS.

1996 13P
DEC 96 107P PERSONAL AUTHORS: AKSAY, I. A.; GROVES,
PERSONAL AUTHORS: REID, JAMES R., JR J. T.; GRUNER, S. M.; LEE, P. C.; PRUD'HOMME,

R. K.
UNCLASSIFIED REPORT

UNCLASSIFIED REPORT
ABSTRACT: (U) Microelectromechainical
Systems (mems) is a rapidly expanding field of ABSTRACT: (U) We report work on the fabrication
research into the design and fabrication of of smart materials with two unique strategies: (1) self-
actuated mechanical systems on the order of a few assembly and (2) laser stereolithography. Both
micrometers to a few millimeters. Mems potentially methods are akin to the processes used by
offers new methods to solve a variety of engineering biological systems. The first one is ideal for pattern
problems. A large variety of mems systems including development and the fabrication of miniaturized units
flip-up platforms, scanning micromirrors, and rotating in the submicron range and the second one in the 10
micromirrors are developed to demonstrate the types micrometers to 1 mm size range. By using these
of mems that can be fabricated. The potential of miniaturized units as building blocks, one can produce
mems for reducing the vibration sensitivity of surface smart material systems at larger length scales such as
acoustic wave and surface transverse wave smart structural components. We have chosen to
resonators is then evaluated. A micromachined focus on two novel piezoceramic systems: (1) high-
vibration isolation system is designed and modeled. A displacement piezoelectric actuators, and (2)
fabrication process utilizing two sided anisotropic piezoceramic hydrophone composites processing
etching of ? 110 ilicon wafers is developed. The negative poisson ratio matrices. High-displacement
process utilizes standard microelectronic fabrication actuators are essential in such applications as linear
equipment to batch fabricate the isolation systems. motors, pumps, switches, loud speakers, variable-
The fabricated systems are only 1 cm by 1 cm by I focus mirrors, and laser deflectors. Arrays of such
mm. Several oscillators are fabricated using units can potentially be used for active vibration
commercially fabricated stw resonators mounted on control of helicopter rotors as well as the fabrication
the isolation systems. The resonators are driven by of adaptive rotors. In the case of piezoceramic
their standard oscillator circuit. Incorporating the hydrophone composites, we utilize matrices with a
isolation system into the oscillator does not result in negative poisson's ratio in order to produce highly
an appreciable increase the size or the weight of the sensitive, miniaturized sensors. We envision such
oscillator. Testing of the oscillators shows that the devices having promising new application areas such
isolators successfully function as passive vibration as monitoring fluid pressures in constrained volumes
isolation systems. using small, sensitive hydrophones. Negative poisson

ratio materials have promise as robust shock
DESCRIPTORS: (U) *ACOUSTIC RESONATORS, absorbers, air filters, and fasteners, and hence, can be
*MICROELECTRONICS, COMPUTER AIDED used in aircraft and land vehicles.
DESIGN, MACHINING, ACCELERATION,
VIBRATION ISOLATORS, THESES, DESCRIPTORS: (U) *MATERIALS, *CERAMIC
TRANSVERSE WAVES, COMPUTER AIDED MATERIALS, *PIEZOELECTRIC MATERIALS,
MANUFACTURING, WAFERS, SURFACE *PATTERNS, LINEAR SYSTEMS, CONTROL,
ACOUSTIC WAVES, FREQUENCY SHIFT, VIBRATION, AIRCRAFT, COMPOSITE
CRYSTAL OSCILLATORS. MATERIALS, SHOCK ABSORBERS, ARRAYS,

FABRICATION, MODULAR CONSTRUCTION,
IDENTIFIERS: MEMS SENSITIVITY, LITHOGRAPHY, SCALE,
(MICROELECTROMECHANICAL PRESSURE, ADAPTIVE SYSTEMS,
SYSTEMS), MICROMACHINING MINIATURIZATION, STRUCTURAL

COMPONENTS, SWITCHES, POISSON RATIO,.

IDENTIFIERS: *SMART MATERIALS,
*MESOSCALE PATTERNING, *PIEZOCERAMIC

MATERIALS, STEREOLITHOGRAPHY,
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AD NUMBER: A321180 AD NUMBER: A321118

NATIONAL AIR INTELLIGENCE CENTER YALE UNIV NEW HAVEN CT
WRIGHT-PATTERSON AFB OH DEPT OF ELECTRICAL ENGINEERING

(U) RESEARCH ON GYRO ACCELEROMETER (U) OFFICE OF NAVAL RESEARCH FINAL
OUTPUT DEVICE, TECHNICAL REPORT FOR GRANT:

N00014-94-1-0267.
OCT 96 14P
PERSONAL AUTHORS: CHANGZHI, XU; WEI, JAN 97 loP
WANG; CAIFAN, ZHAO PERSONAL AUTHORS: REED, M. A.

UNCLASSIFIED REPORT UNCLASSIFIED REPORT

ABSTRACT: (U) To design a new gyro ABSTRACT: (U) This work is intended to provide
accelerometer output device, this paper advances a new materials and methods for systems with
miniaturized high-speed and high-precision dynamic micrometer and nanometer dimensions that
oniometric system plan and discusses the engineering will contribute to microelectronics design and
realization of this plan. In fact, this goniometric manufacturing. The major components of the
system has already been successfully applied to a programs are: (1) self-assembly, which
static pressure liquid-floated gyro accelerometer. provides a way of making highly perfect structures

with minimal cost and high quality (2) self-assembled
DESCRIPTORS: (U) *ACCELEROMETERS, monolayers (sams), system of materials that provides
FOREIGN TECHNOLOGY, TRANSLATIONS, a high level of control over the properties of surfaces,
MINIATURE ELECTRONIC EQUIPMENT, and that are also functional in various ways (3) soft
MINIATURIZATION, GYROSCOPES, CHINA, lithography, which provides a technology for
CHINESE LANGUAGE, GONIOMETERS. patterning in the plane of the surface that is

complementary to current photolithography. (4)
IDENTIFIERS: FOREIGN REPORTS electronically functional devices from conjugated

organic oligomers of precise length and
constitution for utilization as interconnects and
devices.

DESCRIPTORS: (U) *SOLID STATE
ELECTRONICS, *NANOTECHNOLOGY,
LITHOGRAPHY, PRECISION,
MICROELECTRONICS, OLIGOMERS,
PHOTOLITHOGRAPHY.

IDENTIFIERS: SOFT LITHOGRAPHY
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AD NUMBER: A320629 AD NUMBER: A319998

MASSACHUSETTS INST OF TECH LEXINGTON CORNELL UNIV ITHACA NY MATERIALS
LINCOLN LAB SCIENCE CENTER

(U) SOLID STATE RESEARCH. (U) ATOMIC MECHANISMS OF FLOW AND
FRACTURE AT METAL-CERAMIC INTERFACES

MAY 96 58P AND THEIR ROLE IN THE DESIGN OF METAL
PERSONAL AUTHORS: SHAVER, DAVID C. MATRIX COMPOSITES

UNCLASSIFIED REPORT NOV 96 25P
PERSONAL AUTHORS: RAJ, RISHI

ABSTRACT: (U) This report covers in detail the
research work of the solid state division at Lincoln UNCLASSIFIED REPORT
Laboratory for the period I February-30 April 1996.
The topics covered are electrooptical devices, ABSTRACT: (U) This report describes new and
quantum electronics, materials research, significant results that can be applied in the
submicrometer technology, high speed electronics, microstructure design for optimum mechanical
microelectronics, and analog device technology, performance of metal-ceramic composites and
Funding is provided primarily by the Air Force, laminates. There are three elements to these
with additional support provided by the Army, recommendations: (1) the design of the atomic
DARPA, Navy, BMDO, NASA, and MST. structure of metal-ceramic interfaces, (2) identification

of the critical length scale in the two phase
DESCRIPTORS: (U) *QUANTUM microstructure, and (3) prediction of the
ELECTRONICS, *SOLID STATE PHYSICS, SOLID microstructural conditions under which the thermal
STATE LASERS, ELECTROOPTICS, EPITAXIAL conductivity of the composite becomes significantly
GROWTH, ETCHING, ELECTROMECHANICAL influenced by the thermal boundary resistance of
DEVICES, MICROELECTRONICS, ANALOG interfaces. In the first topic we show that the
SYSTEMS. beneficial effect of titanium interlayers at a

copper/alumina interface is accomplished with only
IDENTIFIERS: MICROMECHANICAL, about one monolayer; with further increase in the

titanium interlayer thickness having an insignificant
effect on the interfacial strength. In the second topic
we show that the metal ligament size is the key
microstructural parameter in controlling
the flow stress, the fracture stress and the fracture
toughness of metal-ceramic composites. The metal
ligament size is important because dislocation activity
in the metal, which produces pile ups against the
interface, is the critical event in flow and fracture
of composites. In the third area we show that the
interfacial thermal boundary resistance plays a
dominant role in the overall thermal conductivity of
the composite when the microstructural scale becomes
smaller than about lum.

DESCRIPTORS: (U) *CERAMIC MATRIX
COMPOSITES, *METAL MATRIX
COMPOSITES, *FRACTURE(MECHANICS),
*PLASTIC FLOW, PLASTIC DEFORMATION,
MICROSTRUCTURE, STRESS ANALYSIS,
ALUMINUM ALLOYS, LAMINATES, COPPER
ALLOYS, TOUGHNESS, OXIDATION,
ALUMINUM OXIDES, THERMAL
CONDUCTIVITY, TITANIUM, DUCTILITY,
THERMAL BOUNDARY LAYER,
GRAIN BOUNDARIES, THERMAL RESISTANCE,
CREEP STRENGTH, NANOTECHNOLOGY.
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AD NUMBER: A319052 AD NUMBER: A318864

AIR FORCE INST OF TECH WRIGHT- AIR FORCE INST OF TECH WRIGHT-
PATTERSON AFB OH PATTERSON AFB OH

SCHOOL OF ENGINEERING
(U) DEMONSTRATING OPTICAL
ABERRATION CORRECTION (U) MODELING AND SIMULATION OF
WITH A MEMS MICRO-MIRROR DEVICE. OPTICAL CHARACTERISTICS OF

MICROELECTROMECHANICAL MIRROR
DEC 96 104P ARRAYS.
PERSONAL AUTHORS: HICK, SHAUN R.

DEC 96 152P
UNCLASSIFIED REPORT PERSONAL AUTIIORS: ROBERTS, PETER C.

ABSTRACT: (U) This research conducted the first UNCLASSIFIED REPORT
demonstrated use of a micro-electro-mechanical
structure (mems) mirror array to correct a static ABSTRACT: (U) Mems (micro-electro-mechanical
optical aberration. A well developed technique in systems) micromirror devices can be used to control
adaptive optics imaging systems uses a deformable the phase of a propagating light wavefront, and in
mirror to reflect the incident wave front to the particular to correct aberrations that may be
imaging stage of the system. By matching present in the wavefront, due to either atmospheric
the surface of the deformable mirror to the shape of turbulence or any other type of fixed or time and
the wave front phase distortion, the reflected wave space varying aberrations. In order to shorten the
front will be less aberrated before it is imaged. design cycle of mems micromirror devices, computer
Typical adaptive optics systems use piezo- software is developed to create, from mems
electric actuated deformable mirrors. This research micromirror device design data, a numerical model of
used an electrostatically actuated, segmented mirror the mems device. The model is then used to compute
array, constructed by standard mems fabrication the far field diffraction pattern of a wavefront
techniques, to investigate its performance as a reflected from the device, and to predict the
deformable mirror. The relatively cheap cost of effectiveness with which it can be used to correct an
mems fabrication promises new adaptive optics aberrated wavefront. For validation, the computed far
applications if a suitable design can be found. In the field diffraction pattern is compared to that measured
demonstration, the point spread function (psf) of the using a real mems micromirror device, with a
corrected and uncorrected aberrated image were reasonable match between the two being found. The
compared. A 43 percent improvement in the peak model is designed for maximum flexibility and can be
intensity of the psf was noted in the corrected image. easily adapted to new designs of mems micromirror

devices.
DESCRIPTORS: (U) *IMAGE PROCESSING,
*MICROELECTRONICS, *ADAPTIVE DESCRIPTORS: (U) *MIRRORS,
OPTICS, FOURIER TRANSFORMATION, *ELECTROMECHANICAL DEVICES,
MIRRORS, OPTIMIZATION, *ADAPTIVE OPTICS, MATHEMATICAL
ELECTROOPTICS, THESES, OPTICAL IMAGES, MODELS, COMPUTERIZED SIMULATION,
IMAGE INTENSIFICATION, SYSTEMS SOFTWARE ENGINEERING, IMAGE
ANALYSIS, FOCAL PLANES, OPTICAL PROCESSING, OPTICAL PROPERTIES, AIR
PROCESSING, PLANE WAVES, FORCE RESEARCH, COMPUTER AIDED
ELECTROSTATICS, PHASE DISTORTION, DESIGN, ARRAYS, THESES, TURBULENCE,
DIFFRACTION ANALYSIS, WAVEFRONTS, ATMOSPHERIC MOTION, OPTICAL IMAGES,
OPTICAL FILTERS. OPTICAL ANALYSIS,

APPROXIMATION(MATHEMATICS),
IDENTIFIERS: MICROELECTRONICS, PLANE WAVES,
MEMS(MICROELECTROMECHANICAL DIFFRACTION ANALYSIS, WAVEFRONTS,
SYSTEMS) FOURIER ANALYSIS.

IDENTIFIERS:
MEMS(MICROELECTROMECHANICAL
SYSTEMS)
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AD NUMBER: A318441 AD NUMBER: A315763

WASHINGTON STATE UNIV PULLMAN EQUINOX CORP BALTIMORE MD
DEPT OF PHYSICS

(U) PHASE I STTR: POLARIZATION IMAGER
(U) SMART OPTO MECHANIC POLYMER TECHNOLOGY.
DEVICES.

AUG 96 27P
NOV 96 15P PERSONAL AUTHORS: WOLF, LAWRENCE B.
PERSONAL AUTHORS: KUZYK, MARK G.

UNCLASSIFIED REPORT
UNCLASSIFIED REPORT

ABSTRACT: (U) The first section of this report
ABSTRACT: (U) We have demonstrated that motivates the unique capabilities afforded by
polymer optical fiber can be built into smart polarization imagers and the second section discusses
photomechanical devices that have the ability to the need and design for the next generation of
sense strain and to make mechanical adjustments polarization imager technology along with the critical
accordingly. The first bulk device demonstrated is an advantages of this new technology. The third section
all optical vibration stabilizer that is capable of discusses the technical hurdles needed to be
keeping the position of a mirror fixed to within one transcended to make this new technology a
part in 10(exp 8). This device is unique in that no reality. The fourth section describes the feasibility
electronics are used: light powers the device; light acts objective for phase i and the corresponding actual
as the sensing medium; light carries the information; results. The fifth section describes some of the low
the information is processed by light; and the light is level technical development details, and section six is
used to move the material by photomechanical action. a brief conclusion.
We have also demonstrated that such a device can be
miniaturized to sub-millimeter dimensions and that all DESCRIPTORS: (U) *IMAGE CONVERTERS,
the functions of the bulk device can be simultaneously *CHARGE COUPLED DEVICES,
imparted to one physical part of the device. Such POLARIZATION, CHIPS(ELECTRONICS),
devices can be connected in series or parallel to make PItOTOMASKING, NANOTECHNOLOGY.
ultrasmart associations that can be built into smart
composite materials. Our devices have been patented
and the technology is being transferred to industry.

DESCRIPTORS: (U) *ADAPTIVE CONTROL
SYSTEMS, *ELECTROOPTICS,
*VIBRATION ISOLATORS, FIBER OPTICS,

MECHANICAL PROPERTIES, POLYMERS,
COMPOSITE MATERIALS,
STRAIN(MECHANICS), MINIATURIZATION,
STABILIZATION SYSTEMS.

IDENTIFIERS: *PHOTOMECHANICS, SMART
MATERIALS
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AD NUMBER: A311822 AD NUMBER: A311553

MASSACHUSETTS UNIV AMHERST NAVAL POSTGRADUATE SCHOOL
DEPT OF MECHANICAL ENGINEERING MONTEREY CA

(U) FINITE ELEMENT MODELING AND (U) DESIGN OF A SATELLITE-BASED
ANALYSIS OF MCM IGH DENSITY MICROELECTRONIC RADIATION TESTING
INTERCONNECT VIAS. EXPERIMENT.

JUN 96 1OOP MAR 96 2551'
PERSONAL AUTHORS: GROSSE, I.; PERSONAL AUTHORS: MOONEY,
DITOMASSO, J. CHRISTOPHER S.

UNCLASSIFIED REPORT UNCLASSIFIED REPORT

ABSTRACT: (U) Failure modes of vias within a ABSTRACT: (U) In this research, an electronic
chip's first multi-chip module are studied using daughterboard to be used on the microelectronics and
several two and three-dimensional families photonics test bed satellite was designed. A printed
of finite element models. The models study both the circuit board with radiation-hardened components was
global strains of the entire module and local strains of laid out to test various families of static ram chips and
a single via under uniform temperature loading an experimental gallium arsenide integrated circuit.
between -65 deg c and 120 deg c. The accuracy of the computer aided design tools produced by cadence
models was verified by comparing different families design systems were used to logically and physically
of models with each other, with analytical beam design the experiment. Output from the cadence
theory, and with empirical data generated by electron software provides the information necessary to
beam moire strain data taken by NIST on a test fabricate, assemble, and test the board.
specimen. Global finite element analysis results
revealed that the strains within the high density DESCRIPTORS: (U) *TEST BEDS, *PRINTED
interconnect layer have only a 10% effect upon the CIRCUIT BOARDS, *RADIATION
local via strains. A simple analytical method was HARDENING, COMPUTER AIDED DESIGN,
developed to obtain displacement boundary GALLIUM ARSENIDES, THESES,
conditions to be applied to local via finite element CHIPS(ELECTRONICS), RANDOM ACCESS
models, thereby precluding the need for global finite COMPUTER STORAGE, MICROELECTRONICS,
element analysis of the entire module. For a local via SPACECRAFT COMPONENTS.
analysis, the axisymmetric and three-dimensional
finite element models were found to predict the IDENTIFIERS: CADENCE COMPUTER
location of via failures, which agrees with failure PROGRAMS, SINGULAR EVENT UPSET
locations observed under accelerated test conditions.
A number of via design factors were identified that
affect the strain concentration in the via wall.
However, the dielectric/epoxy intermaterial boundary
was not found to be the cause of the strain
concentration in the via wall.

DESCRIPTORS: (U) *STRESS ANALYSIS,
*FINITE ELEMENT ANALYSIS,
*CHIPS(ELECTRONICS),
*MODULES(ELECTRONICS), STRESS STRAIN

RELATIONS, MATHEMATICAL MODELS,
DIELECTRICS, CRACK PROPAGATION,
THERMAL EXPANSION, MICROELECTRONICS,
NONLINEAR ANALYSIS,
RELIABILITY(ELECTRONICS), THERMAL
STRESSES, FAILURE(ELECTRONICS), STRESS
CONCENTRATION.

IDENTIFIERS: MULTICHIP MODULES, PLANE
STRAIN
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AD NUMBER: A310359 AD NUMBER: A310337

VIXEL INC BROOMFIELD CO ARIZONA UNIV TUCSON DEPT OF
ELECTRICAL AND COMPUTER ENGINEERING

(U) LOW-RESISTANCE, HIGH-POWER-
EFFICIENCY VERTICAL CAVITY (U) INVESTIGATION OF RADIATION
MICROLASERS. EFFECTS IN MICROELECTRONICS.

MAY 96 15P JUN 96 320P
PERSONAL AUTHORS: JEWELL, PERSONAL AUTHORS: GALLOWAY, KENNETH

F.; SCHRIMPF, RONALD D.; JOHNSON,
UNCLASSIFIED REPORT GREGORY H.

ABSTRACT: (U) The purpose of this project was to UNCLASSIFIED REPORT
improve the total power efficiency of vertical cavity
microlasers to further the commercialization of large ABSTRACT: (U) Electronic components
arrays of semiconductor lasers integrated on single implemented in space borne and military applications
chips. Vertical cavity surface emitting lasers are often required to operate in a hostile radiation
are tiny semiconductor lasers, typically about 10 environment, and are therefore subject to the
micrometers in diameter, whose optical cavities and degradation and failure mechanisms associated with
electrical injection schemes are radically different such environments. This report discusses radiation
from conventional edge emitting semiconductor effects research in the areas of ( I ) single event
lasers. The vessel geometry emits high quality beams burnout of power mosfets (2) single event gate rupture
perpendicular to the face of the chip, rather than out of power mosfets; (3) total dose degradation of power
the edge of the chip, and can be readily fabricated in mosfets (including mobility degradation, cryogenic
one and two dimensional arrays. A preliminary operation, I/f noise, and termination structures); and
demonstration of the modulation doped approach was (4) total-dose gain degradation of bipolar junction
made. The result was a record low threshold voltage transistors. Experiment details and modeling and
of 1.7 volts for vcsels. Previously, vcsels required a simulation results are given in these areas. This work
minimum of about 2.5 volts for thresholed or had very is intended to (1) facilitate selection of appropriate
high current thresholds. This demonstration destroyed components for radiation environments; (2) provide
the then widely held micsconception that vcsels design techniques to improve the radiation hardness of
inherently were high resistance and high voltage power mosfets and bipolar junction transistors; and
devices. (3) advance the technical base with new physical

insights in radiation effects in microelectronics.
DESCRIPTORS: (U) *SEMICONDUCTOR
LASERS, LASER CAVITIES, EDGES, DESCRIPTORS: (U) *MOSFET
THRESHOLD EFFECTS, ARRAYS, EFFICIENCY, SEMICONDUCTORS, *RADIATION DAMAGE,
CHIPS(ELECTRONICS), ELECTRICAL SIMULATION, DEGRADATION, SPACE
PROPERTIES, MINIATURE ELECTRONIC ENVIRONMENTS, ELECTRONIC EQUIPMENT,
EQUIPMENT. GATES(CIRCUITS), BURNOUT,

MICROELECTRONICS, DOSAGE, MILITARY
IDENTIFIERS: VCSEL(VERTICAL CAVITY APPLICATIONS, CRYOGENICS, BIPOLAR
SURFACE EMITTING LASERS), TRANSISTORS, RADIATION HARDENING,
MICROLASERS UNCTION TRANSISTORS,

FAILURE(ELECTRONICS), SPACEBORNE.

IDENTIFIERS: SEU(SINGLE EVENT UPSET),
I/F NOISE
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AD NUMBER: A305195 AD NUMBER: A304367

ARMY RESEARCH LAB ABERDEEN PROVING ARMY RESEARCH LAB ABERDEEN PROVING
GROUND MD GROUND MD

(U) PRELIMINARY DESIGN OF A RANGE (U) APPLICATION OF AN INERTIAL RETICLE
CORRECTION MODULE FOR AN SYSTEM TO AN OBJECTIVE PERSONAL
ARTILLERY SHELL. WEAPON.

MAR 96 26P FEB 96 30P
PERSONAL AUTHORS: HOLLIS, MICHAEL S. PERSONAL AUTHORS: VON WAHLDE,

RAYMOND; KREGEL, MARK; HAUG, TOM;
UNCLASSIFIED REPORT BROSSEAU, TIM

ABSTRACT: (U) With the advances in UNCLASSIFIED REPORT
microelectronics, miniature motor technology, and
sensor technology, the reality of a low cost ABSTRACT: (U) The Inertial Reticle System (IRS)
competent munition (Iccm) trajectory correction is a novel fire control system that improves the
module is conceivable. The U.S. Army Research accuracy of direct-fire weapons by stabilizing the aim
Laboratory (ARL) and the U.S. Army Armament point rather than the weapon. Miniature inertial
Research, Development, and Engineering Center sensors measure weapon motion and drive an
(ARDEC) have been working on various lccm electronically generated reticle in opposition so that it
concepts. The lccm concept dictates that the design of appears to remain fixed relative to the target. The
a trajectory correction module will fit into an artillery system senses when the actual aim point will cross the
shell like any of the fuzes used by NATO. This inertial reticle and then fires the weapon. The U.S.
report represents an initial design process to identify Army Research Laboratory (ARL) has equipped
potentially critical problems in the mechanical design small-caliber weapons such as an m16 and a sniper
of a trajectory control device. The design process will rifle with the IRS. An IRS on a pistol- sized
concentrate on the current level of technologies and Objective Personal Weapon (OPW) would help
the electro-mechanical requirements for a d-ring achieve the OPW accuracy goals by reducing weapon
range correction module. The d-ring correction pointing error. In addition, by enabling a shooter to
module is a one-dimensional, self-correction device preselect an aim point and maintain it despite weapon
concept for providing sufficient change in drag, to motion, the IRS would reduce collateral damage and
achieve the needed correction, given the constraints of aid in immediate incapacitation. An Opw, equipped
size, power, and other necessary components and with inertial sensors and a video sight, might function
technologies. An lccm range correction module much like the current IRS. The target could be
appears to be a very viable concept without requiring viewed on a weapon or helmet-mounted display.
aggressive technologies or high-risk approaches. The Miniaturization of components is the greatest
efficient use of the available volume for electrical and technical barrier to fitting the IRS on an OPW.
mechanical components will he crucial. However, progress in electronics and work in

micromachines make application of the IRS to an
DESCRIPTORS: (U) *FIRE CONTROL OPW feasible.
SYSTEMS, *PROJECTILE TRAJECTORIES,
*ARTILLERY AMMUNITION, NATO, DESCRIPTORS: (U) *SMALL ARMS
MECHANICAL PROPERTIES, MILITARY AMMUNITION, *FIRE CONTROL SYSTEMS,
REQUIREMENTS, ARMY RESEARCH, WEAPONS, LINE OF SIGHT, ELECTRONICS,
DETECTORS, RISK, LOW COSTS, EFFICIENCY, ARMY RESEARCH, DETECTORS,
ELECTROMECHANICAL DEVICES, SNIPERS, MOTION, ACCURACY, ERRORS,
MICROELECTRONICS, RANGE FINDING, DRAG, BARRIERS, SIGHTS, AIMING, INERTIAL
MOTORS, MINIATURIZATION, ELECTRICAL SYSTEMS, VIDEO SIGNALS, RIFLES,
EQUIPMENT, CORRECTIONS, MINIATURIZATION, SENSES(PHYSIOLOGY),
MECHANICAL COMPONENTS. HELMET MOUNTED DISPLAYS,

INCAPACITATION, RETICLES, FITTINGS.
IDENTIFIERS: LCCM(LOW COST COMPETENT
MUNITION)
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AD NUMBER: A323754 *AD NUMBER: A322992

NEBRASKA UNIV LINCOLN GEORGIA INST OF TECH ATLANTA SCHOOL
OF MECHANICAL ENGINEERING

(U) INVESTIGATION OF MICROSCOPIC
MECHANISMS OF FAILURE OF ELECTRONIC (U) A TECHNIQUE FOR ACHIEVING 4000
SMART MATERIALS/SYSTEMS. MICROSTRAIN FROM HARD PZT.

SEP 96 12P MAR 97 57P
PERSONAL AUTHORS: JIANG, QING

PERSONAL AUTHOR: LYNCH, CHRISTOPHER S.
UNCLASSIFIED REPORT

UNCLASSIFIED REPORT

ABSTRACT: (U) The development of ferroelectric
ceramics is driven by the needs of functional ceramics ABSTRACT: (U) The year 1 effort was split
for various applications, such as sensors, transducers between laboratory development and research. A
and actuators, and these functional ceramics account smart materials laboratory was developed for research
for more than 60% of the total high technology on the mechanics of electro-mechanical coupled
ceramics market worldwide. Owing to their strong materials. The laboratory includes sample
electromechanical coupling effect and the prompt preparation, test facilities, and failure analysis tools as
response to applied electric fields, ferroelectric described below. There are presently four graduate
ceramics have been increasingly used in designing students working on this research, one at the Masters
smart actuators for active control applications, such as level and three at the PH.D. level. There have been
large flexible space trusses (Crawley and de Luis two conference proceedings articles and one journal
1987), fixed wing and helicopter rotary blades article submitted. This will substantially increase in
(Sprangler and Hall 1990, Samak and Chopra the coming year. The PI has made four presentations
1993 & 1994, Giurgiutiu, Chaudhry and Rogers 1994) of research results and will make an invited
and automotive suspensions (Thirupathi and presentation in July, 1997. The PI is presently
Naganathan 1992). The most commonly working on several related programs described below.
used ferroelectic ceramics for transducer and actuator Departmental support from Georgia Tech is being
applications are the oxides of lead zirconium titanium, used to perform work in excess of the original scope
pb(zr(x), ti(l-x)o3, also known as pzt ceramics, of this project.
because of their strong electromechanical coupling
effect and relative low cost for massive DESCRIPTORS: (U) *STRAIN(MECHANICS),
production. The actuation force, or the actuation *ELECTROMECHANICAL DEVICES,
displacement equivalently, is determined by a material *PIEZOELECTRIC MATERIALS,
parameter, named the remnant polarization which is *FERROELECTRIC MATERIALS,
related to the electromechanical coupling effect of MICROSTRUCTURE, STRESS ANALYSIS,
polycrystalline ferroelectric ceramics. The ELECTRIC FIELDS, FRACTURE(MECHANICS),
remnant polarization of pzt ceramics deteriorates after CERAMIC MATERIALS, RELIABILITY, CRACK
many cycles of applied electric field (Jiang, Cao and PROPAGATION, LEAD COMPOUNDS,
Cross 1994) and, consequently, the actuation force or FAILURE(MECHANICS), MICROMECHANICS,
the actuation displacement diminishes. This project TITANATES, ELECTRICAL LOADS.
focused on the microscopic mechanisms of electric
fatigue of ferroelectric ceramics. IDENTIFIERS: PZT(LEAD ZIRCONATE

TITANATE)
DESCRIPTORS: (U) *MICROSTRUCTURE,
*CERAMIC MATERIALS,
*FATIGUE(MECHANICS), *FERROELECTRIC

MATERIALS, *MICROCRACKING,
POLARIZATION, ELECTROMECHANICAL
DEVICES, TRANSDUCERS, ACTUATION.

IDENTIFIERS: REMNANT POLARIZATION,
SMART MATERIALS

*Included in The DTIC Review, September 1997
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AD NUMBER: A321073 *AD NUMBER: A318433

PRINCETON UNIV NJ NORTHWESTERN UNIV EVANSTON IL

(U) DESIGN OF MATERIALS WITH EXTREME (U) HIERARCHICAL ADAPTIVE
THERMAL EXPANSION USING A THREE- MICROSTRUCTURES: SMART STEELS.
PHASE TOPOLOGY OPTIMIZATION METHOD

OCT 96 50P
MAY 96 40P PERSONAL AUTHORS: OLSON, GREGORY B.
PERSONAL AUTHORS: SIGMUND, OLE;
TORQUATO, SALVATORE UNCLASSIFIED REPORT

UNCLASSIFIED REPORT ABSTRACT: (U) Inspired by biomimetic concepts,
a systems approach to materials design is extended to

ABSTRACT: (U) Composites with extremal or hierarchical adaptive microstructures undergoing a
unusual thermal expansion coefficients are designed programmed dynamic evolution in both processing
using a three-phase topology optimization and service to achieve novel combinations of
method. The composites are made of two different properties. Fundamental principles are developed to

material phases and a void phase. The topology support rational design of (a) high-toughness
optimization method finds the distribution of material ultrahigh-strength martensitic steels of interest for
phases optimizing an objective function (e. g., advanced armor and high performance gear
Thermoelasticity) subject to certain constraints, such applications, and (b) 'smart composite' ferrous
as elastic symmetry or volume fractions of the superalloys for damage tolerant high temperature
constituent phases, within a periodic base cell. The applications in advanced tank propulsion systems.
effective properties of the material are found using Theoretical modelling and high resolution
numerical homogenization based on finite element microanalytical experiments in the martensitic alloys
discretization of the base cell. To benchmark the address control of autocatalytic coherent precipitation
design method we first consider two-phase designs. to achieve efficient strengthening without
Our optimal two-phase microstructures agree well embrittlement, and the controlled precipitation of
with rigorous bounds and so-called vigdergauz optimal stability metastable austenite for adaptive
microstructures that realize the bounds. For three dilatant transformation plasticity tuned to crack-tip
phases, the optimal microstructures are compared with stress states for efficient interaction with strain
new rigorous bounds and again it is shown that the localization processes in ductile fracture. Novel
method yields designed materials with thermoelastic composite strategies address thermodynamically
properties close to the bounds. The three-phase compatible shape-memory alloy reinforcement for
design method is illustrated by designing materials pseudoelastic crack-bridge toughening of high
having maximum directional thermal expansion temperature superalloys, combined with self-healing
(thermal actuators), zero isotropic thermal expansion of low temperature damage by shape-memory-assisted
(thermal actuators), zero isotropic thermal expansion, crack rewelding at service temperatures.
and negative isotropic thermal expansion. It is shown
that materials with effective negative thermal DESCRIPTORS: (U) *MICROSTRUCTURE,
expansion coefficients can be obtained by mixing two *STEEL, *ADAPTIVE SYSTEMS,
phases with positive thermal expansion coefficients *HIERARCHIES, CONTROL, ARMOR, LOW
and void. TEMPERATURE, STABILITY,

OPTIMIZATION, STRATEGY, DAMAGE,
DESCRIPTORS: (U) *MATERIALS, *THERMAL INTERACTIONS, DYNAMICS, MATERIALS,
EXPANSION, THERMAL PROPERTIES, HIGH TEMPERATURE, COMPUTER
MICROSTRUCTURE, OPTIMIZATION, CELLS, PROGRAMMING, EMBRITTLEMENT, ALLOYS,
FINITE ELEMENT NALYSIS, NUMERICAL HIGH RESOLUTION, STRENGTH(MECHANICS),
ANALYSIS, ELASTIC PROPERTIES, VOIDS, FRACTURE(MECHANICS), AUSTENITE,
PHASE, TOPOLOGY, ISOTROPISM, SYMMETRY, PROPULSION SYSTEMS, PRECIPITATION,
YIELD, MIXING, ACTUATORS, TEMPERATURE PLASTIC PROPERTIES, SYSTEMS
COEFFICIENTS, TWO PHASE FLOW, APPROACH, IRON ALLOYS, DUCTILITY,
HOMOGENEITY, DIRECTIONAL, GEARS, METASTABLE STATE,
DENMARK, THERMOELASTICITY. TRANSFORMATIONS, SUPERALLOYS,

MARTENSITE, MICROANALYSIS.

IDENTIFIERS: *SMART MATERIALS,
BIOMIMETIC, HIERARCHICALSTRUCTURES

*Included in The DTIC Review, September 1997
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AD NUMBER: 315582 AD NUMBER: A313705

CLARKSON UNIV POTSDAM NY YALE UNIV NEW HAVEN CT

(U) MANUFACTURING & OPTIMIZATION (U) LOW TEMPERATURE NEAR-FIELD
PROBLEMS OF ELECTROMAGNETIC DEVICES. SCANNING OPTICAL MICROSCOPE FOR

CHARACTERIZATION OF SEMICONDUCTOR
JUN 96 80P MICROSTRUCTURES.
PERSONAL AUTHORS: BAROUCH, E. J.

AUG 96 6P
UNCLASSIFIED REPORT PERSONAL AUTHORS: GROBER, ROBERT

ABSTRACT: (U) During the duration of this UNCLASSIFIED REPORT
project, we have developed several new algorithms for
simulation of microstructures, devices, and fabrication ABSTRACT: (U) This Durip Grant funded the
methods for ic technology. We have interacted capital equipment for a project to design and build a
extensively with both industrial and government labs low-temperature, high magnetic field, near-field
and collaborated with personnel of both. We have scanning optical microscope for the purpose of
developed algorithms for imaging of microstructures, characterizing semiconductor nanostructures. All of
investigated the effects of off-axis illumination and the equipment necessary to build and operate this
finite-thickness effects on mask imaging. microscope has been purchased. The microscope has
Furthermore, we have investigated the effects of post- been completely designed, machined, and assembled.
exposure baking on chemically amplified resists, The need for robust, low-temperature, inertial motion
optimized stepper parameters, as well as proximity has motivated us to invent a new kind of inertial
effects on mask making. Last, but not least, we motion motor. A prototype motor has been produced
developed new visualization algorithms that allow and is robust enough (i.e. drive voltage less than 5 v
multiple viewing of the microchip processes. at room temperature) for low temperature operation.

The 15/17 t superconducting magnet and cryogenic
DESCRIPTORS: (U) *PRODUCTION housing has been delivered and the facility to support
ENGINEERING, *INTEGRATED CIRCUITS, this system is complete. We expect oxford
ALGORITHMS, MICROSTRUCTURE, instruments to perform a final installation during the
OPTIMIZATION, PARAMETERS, month of August.
CHIPS(ELECTRONICS), FABRICATION,
MAGNETIC DEVICES, MASKS. DESCRIPTORS: (U) *LOW TEMPERATURE,

*MICROSTRUCTURE, *SEMICONDUCTORS,
IDENTIFIERS: STEPPER PARAMETERS, *MICROSCOPES, *OPTICAL SCANNING, *NEAR
OPTICAL PROXIMITY CORRECTIONS FIELD, OPTICAL EQUIPMENT, MAGNETIC

FIELDS, MOTION, VOLTAGE, ROOM
TEMPERATURE, INSTALLATION,
INSTRUMENTATION, INERTIAL SYSTEMS,
MAGNETS, MOTORS, CRYOGENICS,
SUPERCONDUCTIVITY.

IDENTIFIERS: NEAR FIELD SCANNING,
INERTIAL MOTION
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